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preface 


Wisdom is the principal thing; 
Therefore get wisdom; 
And with all thy getting get understanding: 
Proverbs 


Although one of the major objectives of this book is to help you get 
wisdom, the authors hope that more than anything else you will get 
understanding—an understanding of your environment. 

With this thought foremost in mind, a sincere effort was made in 
writing the book to de-emphasize description and memorization, to 
emphasize concepts and processes, to include a large number of 
meaningful, interesting activities, and—last but not least—to make 
the book short enough and simple enough so that you will enjoy 
using it. 

Throughout the book, not just at the end of sections or chapters, 
questions are asked—in some places formally, in others informally. 
The questions are asked to help you develop a better understanding 
of Earth and the universe. If you make an effort to formulate an 
answer to most, if not all, of these questions, and if you take an active 
part in performing each of the Activities in the book, you, too, will 
come to appreciate the ancient Chinese proverb: 


I hear... and I forget 
Isee...and I remember 
Ido...and I understand 


To leave you with the impression that there are answers to all 
the questions asked in this book would be misleading. One of the 
things that makes the study of Earth science exciting is the fact that 
there are still many unanswered questions—questions such as: 
“How was Earth formed?”, “What is the energy source of volcanoes?”’, 
and “Is there life elsewhere in the universe?” 

Now, are you prepared to get understanding? 


The Authors 
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unit one 


A Beautiful 
Planet 


Imagine that some intelligent living beings from 
somewhere in space were sent to investigate the planets 
orbiting around a certain star, S. The planet they found 
particularly interesting was a beautiful blue and white 
one, the third from S. They called it S,. The chapter 

you are about to read is a translation into English of 
their preliminary report on that planet. 





Figure 1.1. The planet S, and its 3 
only moon differ greatly, as we 

could see while observing S,; over 

the horizon of its moon. 


chapter 1 


Preliminary Report on 8, 


The star S is about 484 light years from us, and has nine large 
satellites, or planets, orbiting around it. Since our time was 
limited we decided to investigate only S,, the planet that 
seemed most interesting to us. Most of the planets have their 
own satellites, or moons, orbiting around them. S, has only one 
moon. S, and its moon are strikingly different from each other, 
as can be seen in Figure 1.1. 


Orbital and rotational motions. §, is at a distance of 
about 150 million kilometers from S. It-is a nearly spherical 
body with a diameter of about 13,000 kilometers. It has two 
basic motions: orbital motion around §, and rotation on its 
own axis. Both motions are in the same direction west to east. 
The axis of S,’s rotation is not perpendicular to the plane of 
S,’s orbit about S; it is tilted from the perpendicular by about 
235 degrees (Figure 1.2). Why this tilt exists is not known to 
us, but it has strong effects on the climate of S,. If we take the 
time for one rotation of S, on its axis to be 1, then the time for 
one orbit of S, around S is approximately 365. 
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PLANE OF S,'s ORBIT AROUND S 


Figure 1.2 As S, orbits around star S, the planet rotates on its own 
axis. Curiously, the axis of S, is tilted; it is not perpendicular to the 
plane of its orbit. The tilt is about 234 degrees. 


At the equator, the actual speed of rotation is about 1700 
kilometers per hour. The planet moves in its orbit around Sun 
at about 107,000 kilometers per hour. 


Magnetic field. S, is unusual in that it has its own mag- 
netic field. The only other planet around S that seems to have a 
magnetic field is S,. The field of S, is shaped somewhat like the 
field of a bar magnet, with the magnetic lines of force coming 
together at two points on S,’s surface, the magnetic poles 
(Figure 1.3). These poles do not correspond exactly to the poles 
of rotation. In fact, both magnetic poles are located many 
kilometers from the poles of rotation. 

In addition to light and other kinds of electromagnetic 
radiation, S also gives off atomic particles, mostly protons 
and electrons. In our orbits around S, we noted that S,’s mag- 
netic field is not exactly the way it is shown in Figure 1.3, but 
is warped by these particles. This flow of particles from S 
squeezes the magnetic field against S, on the lighted side and 
forces it out to a long tail on the side away from S (Figure 1.4). 

The magnetic field of S, acts as a shield to prevent many 
of these particles from S and other particles from space from 
reaching the planet’s surface. The particles are trapped in the 
field’s inner regions, shown in color in Figure 1.4. 


Figure 1.3 S,’s magnetic field is 
somewhat like that of a bar mag- 
net. As with a bar magnet, the 
magnetic lines of force come to- 
gether at two points on S,’s sur- 
face—the magnetic poles. 


NORTH MAGNETIC POLE 






IMAGINARY 
BAR MAGNET 


SOUTH MAGNETIC POLE 


PARTICLES FROM STAR S 
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Atmosphere. S, has an atmosphere that extends thou- 
sands of kilometers into space. However, over 98 percent of it 
is in the lower 35 kilometers. The gas is nearly all nitrogen 
(78 percent) and oxygen (21 percent). Oxygen in the form ofa 
gas is rare in planetary systems known to us. Its presence in 
such large quantities is one of the most puzzling facts about Da: 
The outermost part of S,’s atmosphere (above an altitude of 
about 2500 kilometers) is made up mostly of hydrogen, the 
most abundant substance in the universe. When viewed under 
the right conditions, this envelope of hydrogen gives off a glow 
that forms a beautiful halo around §, (Figure 1.5). 


Figure 1.5 The outer part of S,’s atmosphere is mostly hydrogen. 
Under the right conditions, the hydrogen can be seen to glow. 


Figure 1.4 A flow of particles 
from S squeezes S,’s magnetic 
field on one side and forces it out 
to a tail on the other. The mag- 
netic field shields the surface, 
trapping many particles (color). 
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Appearance from orbit. One of the most striking things 
about S, is its color. Remarkably, it is mostly blue and white. 
Some areas of brown and of bluish green can also be seen. 
There are two kinds of white substance. One kind is located 
largely at the south pole and in areas near the north pole, and 
the other kind is in the form of clouds moving about in S,’s 
atmosphere and often forming complex swirling patterns. 

We analyzed the light from the blue areas to determine 
what the blue stuff was, and we also analyzed light from the 
white polar areas and from the white clouds. The results were 
so astonishing that we could not believe them. We will go into 
this further in our description of surface features. For the 
moment we shall just note that the blue stuff covers three- 
fourths of S,’s surface and does not vary much in height. 

The brown and the bluish green areas and the white polar 
areas rise above the blue stuff. We shall call these areas “conti- 
nents.” Our beam scanners indicated that the average height 
of the continents is only about 800 meters above the level of the 
blue stuff, although some rough, elongated areas on the conti- 
nents are over 8000 meters above the blue level. The highest 
spot we found was over 8800 meters high. 

We observed some very curious patterns on the continents. 
An example is shown in Figure 1.6. The patterns are best 
developed in lower areas and can be seen in both the brown 
and the bluish green regions. At first we thought they were 
produced by some civilization but later we found this was 
not so. 

After many orbits at altitudes of hundreds of kilometers, 
we began a very slow descent into the dense part (the lower 35 
kilometers) of the atmosphere. At these altitudes, scattering 
of light by the atmosphere causes S,’s horizon to appear fuzzy. 
As we descended, the bluish green areas appeared greener as 
less and less atmosphere came between us and the surface. We 
also noted that more of those white clouds occurred over green 
areas than over brown areas. The green must have some rela- 
tion with the clouds. Chemical scanning of the green areas 
indicated a complex group of compounds with the element 
carbon as a base. We could see that objects on surfaces of loose 
rock particles were responsible for the green color. Later we 
found these to be living organisms! The brown areas were 
simply regions where these life forms were few or absent. 

As we came beneath the clouds we flew over all areas of 
S,; and mapped it. Figure 1.7 is a result of our mapping effort. 
As we beam-scanned S,, we found that the beam penetrated 
the blue areas! The blue stuff lies in large depressions on the 
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planet. These depressions average nearly 4000 meters deep 
and are very rough in some parts. The roughest and highest 
areas of the depressions and the roughest and highest areas of 
the continents both have curious patterns: They are in long, 
irregular strings curving over the surface. This is easily seen 
on the map. 

Another curious fact about the continents: Between some 
continents there are curved chains of “islands”; each island is a 
small brown or green area exposed above the blue stuff. Area 
ALU on the map of S, is an example of a curved island chain. 
Also, note the shape of the east side of continent SA and the 
west side of continent AFR; they look as if they could fit to- 
gether. Figure 1.8 is a more detailed map of the depression 
between these continents. The high elongated ridge (below the 
blue stuff) lying between the two continents runs nearly par- 
allel to their coasts. Very curious indeed. There must be some 
reason for this, but we were unable to think of one. 

The landing site we chose is marked X on Figure 1.7. We 
chose the site for several reasons. The site was near the blue 
stuff, there were some fairly large areas of blue stuff in the 
middle area of the continent, there were large areas of green 


Figure 1.6 Complex patterns 
like this were observed on the 
continents of S,, especially in 
the lower areas. The patterns 
can be seen in both the brown 
and the bluish-green regions. 





Figure 1.7 All of S,’s surface is represented on this map. The blue 
stuff, which lies in large depressions, covers most of She 


xf 
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Figure 1.8 (next page) This map shows one of the depressions in 
more detail. The long ridge (MIDA) runs nearly parallel to the coasts. 





- Copyright © by Rand McNally and Co. #72-Y-116 
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things, there were brown areas farther west, and there were 
both flat and rugged regions. Continent NA also has many 
small blue areas inland, more than most other continents, but 
we never did find out why. 


Across the surface of S,. Upon landing we decided to 
go directly to the blue stuff. When we got out we found our- 
selves in the midst of the green things. There were countless 
numbers of them of all shapes and sizes. The same kind could 
be from a few centimeters high to about 30 meters high. These 
things were clearly living and growing! They are similar to 
food-producing organisms we have seen on a few planets 
around other stars. We shall call them “plants.” Figure 1.9 
shows some typical ones. The most dense growth was in areas 
open to light energy from S. The plants are very pleasing 
organisms to look at and are of many different shades of green. 
When we closely examined the green parts of the larger plants 
we noticed a pattern of ridges (Figure 1.10) that are very simi- 
lar to the large patterns on the surface of S, that we had seen 
from orbit (Figure 1.6). We then concluded that these large 
patterns were gigantic plants! However, as we later discovered, 
we were again wrong. 

We tried to communicate with many of the plants. Since 
they made no sounds we thought that they probably could not 
hear. Nor did they respond when we touched them. And, al- 
though they appeared to need light from S, they did not seem 
to have any image-forming organs. None of them would com- 
municate with us, or maybe they couldn't. 





Figure 1.9 (below left) The green 
things we had seen from above 
turned out to be living orga- 
nisms. Places open tolight from S 
seemed to have more of these 
organisms. 


Figure 1.10 (below right) Closer 
observation reveals a pattern of 
ridges on green parts of larger 
plants. 
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We removed the loose stuff from around the base of some 
plants; this loose material is broken-down rock, some of which 
is chemically changed. The plants send out extensions deep 
into the loose material. We realized that they probably feed 
through these, so we covered them back up. Since we couldn’t 
feed one aboard ship and since we didn’t want to make them 
enemies by killing one, we brought no live samples back. 

We continued toward the blue stuff, which we could see in 
the distance. After a short way we came to an open area where 
the large green organisms did not grow. The area was covered 
with a very short type of plant. Here we discovered a moving 
organism! This kind of organism is somewhat more familiar to 
us and we shall call it an “animal.” We saw it put some parts of 
plants into an opening in the front part of its body. It could 
move rapidly, and as it came near us we could see that it went 
along by moving extensions of its body that touched the ground. 
It tried to communicate with us by speaking very loudly and 
quickly. It seemed very excited and surprised to see us. We 
tried to communicate back for about an hour and used all the 
interstellar languages we knew. But we had to give up. Under- 
standing this or any of the other animals we later met will 
have to await the arrival of language experts on future visits. 
Our later encounters with many different animal forms did 
little to further our understanding of their form of govern- 
ment. No one seemed to be their leader. However, they showed 
many intelligent patterns of behavior; for example, although 
some ate plants (which strangely enough didn’t seem to mind) 
and others ate smaller animals (which seemed to mind very 
much), none were seen to kill except for food. Their methods of 
movement are very strange; they wiggle along, they run, they 
fly in the atmosphere, and some do another thing in the blue 
stuff for which we have no word or expression. 

We continued toward the boundary line between the conti- 
nent and the blue stuff. The atmosphere is in motion, as one 
would expect, since the gas is exposed to heat from Sun. This 
motion causes the plants to sway back and forth. As we ap- 
proached the blue stuff we found that it was liquid, and that 
movements of the atmosphere made waves that caused it to 
wash against the shore. The liquid did not look so blue here; 
it was green, brown, or almost colorless (Figure 1.11). When 
we sampled it, our suspicions were confirmed. It is liquid 
water! This rare substance is here on S, in huge quantities! 
We must admit we wasted a great deal of time shouting and 
excitedly flopping about in it. Here were riches beyond com- 
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Figure 1.11 The blue stuff that covers so much of S, is liquid water. 
Waves in the water are made by movements in the atmosphere. 
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prehension. What a fortunate thing it is that S, exists in such 
a very narrow range of temperature to permit liquid water. 
The limited analysis we could make indicated that the water is 
not pure, but contains salts and other dissolved substances. Its 
density is therefore slightly higher than the universal standard 
of 1 for pure liquid water. The blue color must be due to the 
way light is absorbed and scattered in the water when very 
large quantities are observed. Many animals live in the water, 
and some move through it by wiggling their bodies and using 
winglike extensions. We did not have the equipment to study 
the organisms, but we brought back some external skeletons 
of dead ones washed up on the shore (Figure 1.12). 

When we began our overland journey westward we came to 
one of the elongated high areas. This one was much smoother 
and more rounded than some others we had seen on our map- 
ping flight. On the approach to these highlands we crossed 
many large and small irregularly curving strips of flowing 
water. This water is different from the water in the large areas: 
it has a density close to 1, and contains less dissolved material. 
When the channels of flow were mapped, it was evident that 
these, not plants, were forming the large patterns on the con- 
tinents shown in Figure 1.6. 

When we realized that there were two main kinds of 
liquid water, we re-examined our scanning records from orbit 
and made a rough computation of the amounts of frozen water, 
pure liquid water, and the liquid water with the dissolved 
salts in the big blue areas. (Our orbital scanning had indicated 
that the blue stuff was liquid water, the white clouds were 
very small droplets of liquid water, and the white polar stuff 
was frozen water; however, as we said, we could not believe 
our results.) Over 97 percent of the water of S, is the kind with 
salts, about 2 percent is frozen water, and less than one per- 
cent is liquid pure water! The latter amount includes all that 
flows, all that is in the loose ground, or is in the atmosphere. 
This very small percentage of nearly pure liquid water keeps 
all the land animals and plants alive and, we discovered later, 
wears away the rocks. It would not take much carelessness on 
the part of visitors to pollute this small amount of pure liquid 
water and kill many of the living organisms. 

When we got near the high areas, the rocks were exposed 
and not covered by loose material. We were able to identify the 
once molten rocks, since we had seen similar ones on other 
planets. Some areas had broad exposures of rock types we had 
never seen. These did not appear to have ever been melted. 
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They formed layers, and these layers could be followed and 
seemed to be fairly much the same for several kilometers. 
Some were lying flat and others were tilted. The layers were 
usually a few centimeters to a few meters thick. 

After analyzing some of the rocks, we found many ele- 
ments were present. S, seems to be a planet with two-element 
systems. The atmosphere is mostly nitrogen and oxygen, the 
water is hydrogen and oxygen, and the rocks are mostly silicon 
and oxygen. 

As we began to glide up toward the top of the high area to 
look at more of the layered rocks, an almost unimaginable 
thing happened. The clouds gathered over us and water in 
drops fell from above! Some went into the loose material in 
which the plants grow, but later some flowed down the surface 
of the slopes. This water looked brown because it was carrying 
fine pieces of the loose ground material. We followed the water 
back down and it finally went into one of the larger flow chan- 
nels that had worn down through the rock. These seemed to 
flow toward the large areas of blue water. Obviously the sur- 
face of S, is being worn away! From some rough calculations 
based on our maps and the amount of dropping water we ex- 
perienced during our stay, we computed that most of the con- 
tinents on S, will be worn away and reduced to a level surface 
in only a few million years. If this is true, there are some 
difficult problems to solve. For example, if our calculations of 
the age of S and its planet system are correct, why hasn't S, 
been worn level already? 

As we went back up and looked at more of the layered 
rock, we found another amazing thing. There were skeletons 
of animals enclosed within some of the layered rocks (Figure 
1.13). Some of them looked very similar to the ones we saw 


Figure 1.12 (left) Many animals 
live in the water. We found exter- 
nal skeletons of dead ones on 
the shore. 


Figure 1.13 (right) Wealso found 
external skeletons within layered 
rocks high above the salty water. 
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washed up on the shore of the big blue salty water region; yet 
they were found far up on the high area! This was our first 
clue about what made the layered rock. They may have been 
formed under water! How the water got so far from its basins 
or how the water-laid rocks got so high is a problem for the 
future. Along much of our route of exploration we found these 
traces of animal skeletons in the rocks. Sometimes we found 
them thousands of kilometers from the big areas of salty water 
and sometimes nearly 3000 meters above its level! 

The layered rocks are often seen to be twisted and bent 
(Figure 1.14). What forces cause this are unknown, but it must 
have happened slowly, since most of the rock layers are not 
badly broken up. When we got to the western part of the conti- 
nent, we made some measurements of internal motion. We put 
a motion meter into a hole we beam-pierced in the rock. Over 
a period of time the meter recorded the passage of many energy 
waves through the rocks. One of these was large enough for us 


Figure 1.14 layered rocks can 
often be seen on S,’s surface. In 
many areas, the layered rocks 
are twisted and bent. 
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to feel, and it is quite possible that these shock waves could be 
large enough to cause damage. The presence of this energy in- 
side the planet, and the fact that layered rock that probably 
was formed under water is now turned on edge and may form 
high mountains, makes one conclusion certain: This planet 
has been and still is an active one. The source of this energy 
is another problem. We do have some data that might lead to 
the answer. One of our measurements was to see if there was 
any heat coming from S,. Most of the surface warmth of S, is 
from S. We put heat sensors down our pierced hole at a depth 
of several hundred meters and obtained measurements indicat- 
ing that the heat flow from within S, in this area is about 40 
calories for each square centimeter of area during a time of one 
orbit around S. 

The actual temperature increase with depth, in this region 
of the planet, is about 30 degrees Celsius for every kilometer 
of depth. This internal heat probably is one of the forces that 
keeps S, an active planet. In some areas we actually observed 
steam and boiling water gushing out of the surface! Also, there 
are rocks and structures in some areas that resemble the 
voleanoes we have seen on other planets in the galaxy. We did 
not see any of S,’s volcanoes erupting, but there may be some 
active ones on the planet. 

There is another problem about this heat. If the rate of 
heat increase of 30°C per kilometer of depth were to continue 
down to the center of S,, the innermost region of the planet 
would be about 200,000°C! Since any magnetic substance that 
we know of loses its magnetism when heated less than one 
thousand degrees, how can S, have a magnetic field? 


Summary. We have presented, in this preliminary report, 
some of the main problems we found that have to be solved 
before we can say we know much about the planet S,. The 
public will be very interested (since they paid for the journey 
of investigation) to know of this unusual place. We tried, dur- 
ing the trip home, to think of a name for S,. We concluded that 
only one name really describes it— Water. 

To know this dynamic, changing planet will require much 
effort on our part. Perhaps, if future language teams decipher 
the communications of the living things on Water, we will 
find they have already studied their home. At any rate, they 
are lucky organisms, for they live in a beautiful place full of 
natural resources, with a clear atmosphere and pure water. 
Future visitors must be instructed to keep it that way. 
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unit two 


The Changing 
Crust 


Nearly 2500 years ago it was written, “Generations 
come and generations go, while the Earth endures 
forever” (Eccl. 1:4). Earth does endure, but not without 
change. It may seem to us, as it probably did to the 
author of Ecclesiastes, that Earth is always the same. 
We can see little change in the physical features of 
Earth and in the forms of life on Earth during our own 
lifetimes. But Earth is always changing. Some events on 
Earth, such as volcanic eruptions and earthquakes, are 
rapid. But most changes are slow. Minerals and rocks 
change. Mountains change. Continents change. And 

the rock record tells us that Earth is not just changing 
now; it has always been changing. Recently a new cause 
of change has become important—man. Man is chang- 
ing the planet on which he lives, both for better and 

for worse. 











Figure 2.1  Whatare these things 21 
made of? 


chapter 2 


Atoms, Minerals, 
and Rocks 


Look at the picture on the left. What are these things? What 
are they made of? What is a rock made of? What is an apple 
made of? What are you made of? What is the planet Earth 
made of? What is anything made of? 

Maybe you've heard people say that everything is made of 
matter. The word “matter” comes from the Latin word “mater,” 
which means “mother.” Matter, then, is the mother stuff. 
But so what? What’s the mother stuff made of? 

Man has been trying to explain matter for thousands of 
years. In 600 B.c., the Greek philosopher Thales said the basic 
stuff of the universe is water, as it is the most changeable. 
After all, he said, doesn’t it change from cold, hard ice to a wet 
liquid to an invisible gas? The Greeks of that day liked to sit 
around and argue about things. Naturally, then, some Greeks 
disagreed with Thales. Some said air was the basic stuff, and 
others said the basic stuff was fire. About 400 sB.c., Aristotle 
said that all matter was composed of four elements—fire, air, 
earth, and water, and that in various combinations, these ele- 
ments made up everything in the world. 
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ATOMS 


We now know that matter is made up of atoms. Amazingly, the 
Greek philosopher Democritus said this way back in 400 B.c. 
He said that matter was made up of invisibly small particles, 
and he named these particles atomos, the Greek word meaning 
“cannot be divided.” He said that atoms are in constant motion, 
and combine with one another to form different substances. 
This is much like our modern atomic theory, proposed by an 
English schoolteacher named John Dalton in the early 1800s 
and modified some since then. 

Atoms are too small to be seen, even with the most power- 
ful microscopes. However, scientists have made models of 
atoms that seem to explain all that we know about them. Ac- 
cording to the models, atoms are made up of many different 
kinds of smaller particles. Three of them are the most im- 
portant: electrons, protons, and neutrons. Electrons are small 
particles with a negative electrical charge. They move rapidly 
in orbits around the center, or nucleus, of the atom. The 
nucleus is composed of positively charged particles called 
protons and electrically neutral particles called neutrons. In 
Figure 2.2 you see models of two very simple atoms, hydrogen 
and helium. The nucleus of the hydrogen atom is made up of 
just one proton, and in orbit around it is one electron. The he- 
lium nucleus is made up of two protons and two neutrons, with 
two electrons orbiting around it. The number of protons in an 
atom’s nucleus is called the atomic number of that atom. 
Thus, the atomic number of hydrogen is 1, and the atomic 
number of helium is 2. 


Shells. From Figure 2.2 you might get the idea that elec- 
trons orbit the nucleus the way the planets orbit the sun, or the 
way the moon or artificial satellites orbit the Earth. We do not 
think this is the case. The electrons do not travel in flat orbits. 
Rather, they seem to travel in three-dimensional shells 
around the nucleus. The shell does not have clear boundaries. 
A better concept of an atom is shown in Figure 2.3, which is a 
cross section of an imaginary model of a hydrogen atom. The 
ball in the middle is the nucleus (a proton), and the fuzzy cloud 
or mist around it represents the electron shell. However, for 
the sake of simplicity, we usually represent shells as circles. 
Hydrogen and helium, in this simplified representation, are 
shown in Figure 2.4. 


aX 


Figure 2.2 These are models of 
a hydrogen atom (top) and a he- 
lium atom. 


Figure 2.3 In this model of the 
hydrogen atom, the orbiting elec- 
tron is represented as a fuzzy 
cloud or mist. 





Figure 2.4 These are simplified 
diagrams for hydrogen (atomic 
number 1, top) and helium (atomic 
number 2, bottom). 
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Li Be 


Let us take a look at atoms with higher atomic numbers. 
Figure 2.5 shows diagrams of lithium, beryllium, oxygen, 
sodium, and chlorine. What are the atomic numbers of these 
atoms? 

You will notice from Figure 2.5 that the shell closest to the 
nucleus appears to hold a maximum of only two electrons. The 
next shell appears to hold a maximum of eight electrons. In an 
atom of sodium, which has 11 electrons, both these shells are 
filled, and the 11th electron has to go into a third shell. And 
there are shells beyond the third shell. For example, uranium 
(atomic number 92) has seven shells. A diagram of a nucleus 
and four shells is shown in Figure 2.6. Notice that each shell, 
except the innermost shell, has subshells as well. Well, shall 
we move on? 


Size and mass. Have you any idea how small an atom is? 
Very small indeed! A chlorine atom, for example, has a ra- 
dius of about 1/10,000,000,000 meter. (Scientists write this as 


Figure 2.6 In this diagram of an atom, the atom has been cut in half 
to show the nucleus in the center and the shells around it. Most shells 
have subshells. 


8P 
8N 
O Na Cl 


Figure 2.5 These are diagrams 
for lithium (atomic number 3), and 
for atoms with higher atomic 
numbers. 
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0.0000000001 m or, more conveniently, 10-!°m. This unimag- 
inably tiny distance is called an angstrom, abbreviated A.) 
Suppose you took 100,000,000 atoms and laid them side by 
side. How long a line would this make? How many atoms, laid 
side by side, would be needed to make a line one inch long? 
(One inch is equal to 2.54 centimeters.) 

Nearly all of an atom’s mass (99.95 percent of it) is in its 
nucleus. Yet the nucleus makes up only about one one-billionth 
of an atom’s volume. This is because the electrons are in shells 
far from the nucleus, making an atom very large compared to 
its nucleus. Figure 2.6 is not drawn to scale. If it were, the 
outer shell would be the length of several football fields away 
from the nucleus! As you can see, an atom is mostly empty 
space. If an atom is mostly empty space, then isn’t matter also 
mostly empty space? Indeed it is. The chair you're sitting on is 
mostly empty space, this book is mostly empty space, and you 
are mostly empty space! 

Remember, we have been describing models of what we 
think atoms are like. The models seem to explain all that 
scientists know about atoms. But as we learn more, the models 
will change. 


lons and crystals. If you count the number of electrons 
in the atoms shown in Figures 2.4 and 2.5 and compare the 
number of electrons to the number of protons (atomic number), 
you will immediately discover this relationship: An atom has 
as many electrons as it has protons. Since each proton carries a 
positive electric charge and each electron carries a negative 
electric charge, the equal numbers of positive and negative 
charges balance each other and the atom as a whole is neutral 
(uncharged). 

However, atoms do not always like to remain neutral. 
What they do like is to have eight electrons in their outermost 
shells, and, to achieve this, they are sometimes willing to 





SODIUM ION CHLORINE ION 


Figure 2.7 When a sodium atom 
gives its outer electron to a chlo- 
rine atom, both end up with outer 
shells of eight electrons. 
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sacrifice their neutrality. Look again at the sodium and chlo- 
rine atoms in Figure 2.5. The sodium has one electron in its 
outermost shell, and the chlorine has seven electrons in its 
outermost shell. Now, if the sodium atom gave its lone outer 
electron to the chlorine atom (Figure 2.7), both atoms will have 
outermost shells of eight electrons. But what has happened to 
the neutrality of the atoms? Since the sodium now has 11 posi- 
tive charges and ten negative charges, it has a net positive 
charge. The chlorine atom, on the other hand, now has 10 
positive charges and 11 negative charges; it therefore has a 
net negative charge. These atoms are now called ions. (Any 
atom that has unequal numbers of positive and negative 
charges is called an ion.) 

As you probably know, opposite charges attract each other, 
and ions are no exception to this rule; sodium ions and chlorine 
ions attract each other. Because a sodium ion is attracted to 
chlorine ions, it draws chlorine ions around itself. Similarly, a 
chlorine ion draws sodium ions around itself (just the way a 
boy likes to be surrounded by girls and a girl likes to be sur- 
rounded by boys). When a collection of sodium ions and chlo- 
rine ions comes together, they arrange themselves in the way 
shown in Figure 2.8. Each sodium ion has six chlorine ions as 
its closest neighbors, and each chlorine ion has six sodium ions 
as its closest neighbors. Such a regular, geometric arrange- 
ment is called a crystal structure or crystal lattice, and a 
piece of matter made up of ions arranged in a regular way is 
described as crystalline. 





activity 2.1 The shape of salt grains 


You probably know the substance that is made of sodium and 
chlorine ions arranged in the way we have just described. It is 
common table salt. Table salt occurring naturally in the earth 
is called halite by geologists. If samples of halite are available, 
examine their shape and the angle at which their sides meet. 
Carefully break a sample and examine the pieces. 

Examine grains of table salt with a magnifying glass. What 
can you say about their shapes? Does the shape vary from grain 
to grain? At what angle do the sides of the grains meet? 

How-do you think the shape of salt grains is related to the 
crystal structure of salt shown in Figure 2.7? 


PE ST EE TE SE 






— CHLORINE 
ION 


Figure 2.8 Here are two ways 
of representing the crystal struc- 
ture formed when sodium ions 
and chlorine ions come together. 
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Elements and compounds. Chemists call common 
table salt sodium chloride; its chemical symbol is NaCl. So- 
dium (Na) and chlorine (Cl) are elements, and sodium chloride 
(NaCl) is a compound. An element is a substance made up of 
atoms that all have the same number of protons in their nuclei 
(that is, the same atomic number). There are 92 naturally 
occurring elements on Earth, ranging from hydrogen (atomic 
number 1) to uranium (atomic number 92). Physicists have 
made about a dozen more (in atom smashers and atomic re- 
actors) by changing the nuclei of naturally occurring elements. 
(What must be changed in the nucleus in order to make it a 
nucleus of another element?) 

A compound has very different properties from the ele- 
ments it is made of. The element sodium, for example, is a 
dangerous metal that must be stored in kerosene or oil because 
it will explode and burn if it comes in contact with air. You 
certainly would never put it in your mouth. The element chlo- 
rine 1s a poisonous green gas; breathe enough of it and you’re 
dead. Yet sodium and chlorine ions combine to make table salt, 
which you sprinkle on your food every day. 

In compounds such as sodium chloride, atoms give away or 
accept electrons to become ions and become bonded together 
because of the attraction between their opposite charges. This 
type of bond is called an ionic bond. Another way in which 
atoms are bonded together is by sharing electrons rather than 
giving them away or accepting them. Hydrogen, for example, 
will share the one electron it has, but it won’t give it away 
outright. Oxygen needs two more electrons to add to the six. 
in its outermost shell. In Figure 2.9, two hydrogen atoms share 
their electrons with one oxygen atom. What is the resulting 
compound? This type of bond is called a covalent bond. 


Cia Cea Gg@ Clea NeaES 
1. Describe a model of an atom. 
2. Define an element. 


3. How does an ion differ from an atom? 


MINERALS 


In the Black Hills of South Dakota, there are some crystals of 
spodumene (a compound made of ions of lithium, aluminum, 
silicon, and oxygen) that measure over 12 meters long! In 








Figure 2.9 Five ways to repre- 
sent the same thing: the com- 
pound formed when two hydro- 
gen atoms share their electrons 
with an oxygen atom. 
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Maine, there are crystals of beryl (a compound made of ions 
of beryllium, aluminum, silicon, and oxygen) that measure 
more than five meters by one meter. A lot of the right ions 
had to get together to form such large crystals! Certainly not 
all minerals come in such large crystals. One variety of beryl 
is the beautiful green gem called emerald. You'll never find an 
emerald that measures five meters by one meter! If you did, 
you'd certainly be rich. 

Spodumene and beryl are examples of substances called 
minerals. A mineral is a natural, inorganic, crystalline ma- 
terial. Both ionic and covalent bonding are common in min- 
erals. 

Why do we study minerals? Because minerals are what 
rocks are made of. Rocks, in turn, make up Earth’s solid layers. 
The outer layer, the one on which we live (and which hes under 
the oceans also) is called the crust. 


Elements of the crust. Although there are 92 naturally 
occurring elements, most of the minerals in Earth’s crust are 
made up of only nine of them. These nine elements are listed 
in Table 2.1. Together they make up over 99 percent of the 
weight of the crust. (And they also make up over 99 percent 
of the volume of the crust.) 

And oxygen, which makes up 47 percent of the crust by 
weight, makes up 94 percent of its volume! This is because the 
oxygen ion is large compared to the other ions. So if you pick 
up a rock, about half its weight and most of its volume is 
oxygen. As you walk on the solid ground, you are really walk- 


Table 2.1 Composition of Earth’s crust 








Element Symbol Percentage 
by weight 
oxygen O 46.6 
silicon Si Dee a 
aluminum Al 8.1 
iron Fe 5.0 
calcium Ca 3.6 
sodium Na 2.8 
potassium K 2.6 
magnesium Mg Past 
titanium Mi 0.4 
all other elements ile 


Total 100.0 
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Table 2.2 Common rock-forming minerals 















































Name Elements Hardness Common Cleavage 
present color 
muscovite EKA Sin © 2-25 clear 1 perfect cleavage 
mica (flakes) 
biotite H, K, Mg, Fe, 2-25 brown, black 1 perfect cleavage 
mica Al, Si, O (flakes) 
orthoclase  K, Al, Si, O 6 pink 2 cleavages 
feldspar at 90° 
plagioclase Ca, Na, Al, Si, 6 white, grey 2 cleavages 
feldspars O at 90° 
amphiboles Ca, Na, Mg, Fe, 5-6 black 2 cleavages at 
Al, Si, O TZ023602 
pyroxenes Ca, Mg, Fe, Al, 5-6 green, black 2 cleavages 
Si, O at 90° 
olivines Mg, Fe, Si, O 65-7 green no cleavage, 
glassy 
quartz Si, O fi white or any _ no cleavage, 
color glassy 
clays H, Al, Si, O 1-25 grey or brown’ massive (very 
(and some Ca, Mg, (white if small flakes); 
Fe, Al, Na, K) pure) earthy feel and 
smell 
calcite Cazc.. © 3 white 3 cleavages at 








120°5602 
fizzes in acid 


BIOTITE MICA 


PLAGIOCLASE FELDSPAR 


OLIVINE QUARTZ 





CLAY (KAOLINITE) CALCITE 
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ing on an oxygen mattress! Oxygen also makes up about 57 
percent of the weight of water and 21 percent of the weight of 
air. Important stuff, oxygen. 

More than 2000 different minerals have been described. 
Most are rare. Luckily, only about ten of them make up about 
99 percent of Earth’s crust. And most of these are basically 
compounds of two particular elements, with other elements 
present in smaller amounts. What do you think these two 
elements are? And what are the other elements that are pres- 
ent in smaller amounts? See if you can answer these questions 
before reading further. 


Rock formers. The ten common minerals mentioned in 
the last paragraph are shown in Table 2.2. They are called the 
“rock formers” because together they make up most rocks. 
Figure 2.10 shows four of these rock formers in a piece of gran- 
ite, a very common rock. Many minerals other than those in 
Table 2.2 are present in rocks too, but they do not make up 
much of the weight or volume. 

The general composition given for the minerals in Table 
2.2 shows only what elements each mineral is made of. It does 
not give the chemical formulas of the minerals. Quartz, for ex- 
ample, contains twice as many oxygen atoms as silicon atoms; 
its chemical formula is therefore SiO,. And the chemical for- 
mula of calcite is CaCO,. 


mer 





Figure 2.10 A piece of granite is 
shown with four of the minerals it 
is made of. (Hornblende is a kind 
of amphibole.) It is usually easy to 
see the different minerals’ in 
granite. : 
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‘ Some of the minerals in Table 2.2 have varying compo- 
sitions. For example, one kind of plagioclase contains sodium 
but no calcium, and another kind of plagioclase contains cal- 
cium but no sodium. Most plagioclases fall in between these 
two extremes; they contain both sodium and calcium in vary- 
ing proportions. All plagioclases contain aluminum, silicon, 
and oxygen. Similarly, all olivines contain silicon and oxygen, 
but they contain varying proportions of magnesium and iron. 
All pyroxenes contain silicon and oxygen but varying pro- 
portions of calcium, magnesium, iron, aluminum, and sodium. 


Silicates. Notice that nine of the common rock-forming 
minerals contain both silicon and oxygen. Such minerals are 
called silicates. 

Oxygen ions have negative charges and silicon ions are 
positively charged. They are therefore attracted to each other. 
Oxygen ions are large (1.3 A radius) and silicon ions are small 
(0.40 A radius). Together they assume a four-cornered shape 
called a tetrahedron, with a silicon ion in the “hole” between 
the four oxygens, as shown in the exploded view in Figure 
2.11. (Imagine three basketballs touching each other. Couldn’t 
we drop a tennis ball in the hollow between them? And 
wouldn’t another basketball fit on top?) The formula of the 
tetrahedron is therefore SiO,, and because of the four oxygens 
it has a negative charge. It acts like a negatively charged ion 
and combines with many kinds of positively charged ions. 

One way to describe the crystal structure of the silicate 
minerals is to say that the silicon- oxygen tetrahedrons are the 
“building blocks” of the minerals. These building blocks are 
held together by a “glue” of positively charged ions. (Can you 
guess what these positive ions are?) Together the blocks and 
the glue make up the minerals, somewhat the way bricks and 
mortar make up a wall. If the glue makes a strong bond, the 
mineral is hard; if it makes a weak bond, the mineral is soft. 
And if the glue is arranged in certain layers, the mineral 
breaks most easily along those layers. This property of break- 
ing along certain planes is called cleavage. The salt grains 
you examined in Activity 2.1, for example, have three cleav- 
ages at 90 degrees. 

In most silicate minerals, the silicon—oxygen tetrahe- 
drons do not occur singly. Rather, they share oxygen atoms 
between them. Figure 2.12 shows two tetrahedrons sharing 
one oxygen atom. Such an arrangement is stronger than two 
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Figure 2.11 In a silicon-oxygen 
tetrahedron, four oxygen ions 
surround a silicon ion, as shown 
in the exploded view at bottom. 


Figure 2.12 Here are two silicon- 
oxygen tetrahedrons sharing one 
oxygen. 
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Figure 2.13 In this chain of tetrahedrons, some of the oxygens have 
been removed to show the silicons in the middle of the tetrahedrons. 


individual tetrahedrons joined by the “glue” of positive ions. 
The greater the amount of oxygen sharing, the stronger the 
mineral. The chain of tetrahedrons shown in Figure 2.13 is 
found in pyroxene. The chains are held together by positive 
ions of calcium, magnesium, and iron. If you look at any par- 
ticular tetrahedron in the chain, you will see that two of its 
oxygens are shared with adjacent tetrahedrons. 

In mica, each tetrahedron shares three oxygen atoms with 
its neighbors. The tetrahedrons are arranged in flat layers, 
as shown in Figure 2.14. The layers are held together by posi- 
tive ions. Because the silicon- oxygen bonds are much stronger 
than the bonds between the layers, mica can be easily broken 
apart into thin flakes. Geologists describe it as having perfect 
cleavage. 

In quartz, all oxygen atoms are shared, making a three- 
dimensional network of silicon-oxygen bonds. These bonds 
are strong and extend in all directions. That is why quartz 
is so hard and has no cleavage—that is, there are no planes 
along which it tends to break. It breaks irregularly, in all 
directions. The fine grains of glassy material in most sand 
(often it makes up most of the sand) are grains of quartz. 
Although the grains may at first look like the grains of NaCl 
you examined in Activity 2.1, close examination will reveal 
many different shapes and no flat, shiny cleavage faces. 





activity 2.2 Joining tetrahedrons 


A tetrahedron is made of four identical faces. Each face is an 
equilateral triangle (a triangle whose sides are all equal or, to 
say the same thing, a triangle whose angles are all 60 degrees). 
You can make a tetrahedron by cutting out patterns such as 
those shown in Figure 2.15 out of cardboard or stiff paper and 





Figure 2.14 Two oxygens have 
been removed from this layer of 
tetrahedrons to show the sili- 
cons. 
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folding along the dotted lines. (Make all the folds in the same 
direction.) Join the edges with tape, and you have a tetrahe- 
dron. For this activity, make at least two tetrahedrons of the 
same size. 

Imagine that each apex (the point where three faces meet) 
is an oxygen atom. (The silicon atom, being in the middle of 
the tetrahedron, can’t be seen in this model.) Bring two tetrahe- 
drons together so that just one apex of one tetrahedron touches 
just one apex of the other tetrahedron. This represents the 
sharing of one oxygen atom by two tetrahedrons. 


a a a aaa aa 


Figure 2.15 These are patterns 
for making tetrahedrons. 
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There are many other groups of minerals in addition to 
the silicates. The oxides are made up of various kinds of posi- 
tive ions joined to negative oxygen ions. The sulfides are made 
up of positive ions and negative sulfur ions. The sulfates are 
made up of positive ions and negative SO,-~(sulfate) build- 
ing blocks. And the carbonates are made up of positive ions 
and negative CO, (carbonate) building blocks. Ions of many 
valuable elements, such as silver, copper, and lead, fit more 
easily into the crystal structure of some of these mineral 
groups than into the crystal structure of silicates. This is why 
these other mineral groups include most of the valuable ores 
that man uses in his industries. 


CEES Ka4@: 0 Ratan Gales 
1. What is the most abundant element in Earth’s crust? 


2. What two elements are present in nine of the “rock form- 
ers”? 


3. What are some ways in which oxygen and silicon are ar- 
ranged in silicate minerals? 


ROCKS 


What are rocks? Objects to throw? The stuff that makes moun- 
tains? The hard stuff that is under the soil? 


I wish I were a little rock 
A-sitting on a hill 

A-doing nothing all day long, 
But just a-sitting still; 

I wouldn’t eat, I wouldn’t sleep, 
I wouldn’t even wash— 

I'd sit and sit a thousand years 
And rest myself, b’gosh. 


Frederick Palmer Latimer 
The Weary Wisher 


You may recall from elementary school that there are 
three main classes of rocks: igneous, sedimentary, and meta- 
morphic. Igneous rocks crystallize from molten material 
called magma that is formed deep under Earth’s surface. 
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Oceasionally magma escapes to the surface through volcanos 
or through cracks; it is then called lava. The red hot stuff 
shown on the cover of this book is lava. The word igneous 
comes from the Latin ignis, or fire. Sedimentary rocks are 
formed from pieces (sediment) of other rocks, cemented to- 
gether, or from materials such as sodium chloride that has 
come out of solution in water and settled to the bottom. The 
word comes from the Latin sedimentum, which means a set- 
tling, as out of water. Sedimentary rocks form as layers or 
strata (singular: stratum). Metamorphic rocks result when 
other rocks—either igneous, sedimentary, or other meta- 
morphic rocks—are changed by undergoing different temper- 
atures, pressures, or chemical environments. Meta means 
change and morphe means form. 

Sedimentary rocks are the most common kind on Earth’s 
surface, covering about + of Earth’s land area (Figure 2.16). 
However, they make up only a thin layer, a skin. Igneous and 
metamorphic rocks are peeking through the sedimentary 
layers in many places, such as the Black Hills in South Dakota 
and Wyoming, the Ozarks in Missouri and Arkansas, and 
many mountain ranges. This shows us that igneous and meta- 
morphic rocks similar to those exposed over the & of Earth’s 





Figure 2.16 The layers in these 
sedimentary 
seen. 


rocks are easily 
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land area are also present beneath the sedimentary cover. 
Igneous rocks probably make up about 95 percent of Earth’s 
crust, which is up to 60 kilometers thick. 

If a visitor from space landed on Earth, what are his 
chances of finding sedimentary rocks? 


Rock cycle. The three kinds of rocks are related to each 
other as shown by the rock cycle (Figure 2.17). When we are 
talking about rocks, we are, of course, also talking about min- 
erals, since minerals are what rocks are made of. Each mineral 
forms under certain temperatures and pressures and com- 
monly in the presence of certain solutions. 

As long as a mineral remains in the environment in which 
it formed, or where the conditions are about the same, it will 
be stable (that is, it will remain as it is). But if the conditions 
change, the mineral becomes unstable and it will alter (change) 
to some mineral that is stable under those conditions. For 
example, orthoclase may crystalize deep underground from 
magma at a temperature of about 1000°C and a pressure doz- 
ens of times greater than that at the surface of Earth (atmo- 
spheric pressure). If it is moved to the surface of the Earth, 
the temperature will be about 20°C and the pressure will be 
only one atmosphere. Also, air and water will be present 
at the surface. Under this completely different set of conditions, 
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Pressure is a quantity that repre- 
sents the force being applied to a 
unit area of a given surface. Im- 
agine a vertical column of air 
resting on one square meter of 
Earth’s surface and extending 

to the top of the atmosphere. This 
column weighs about 100,000 
newtons—that is, it pushes down 
on the square meter of surface 
with a force of 100,000 newtons. 
(One newton is equal to about 
0.22 pound. The newton is a unit 
of force or weight in the metric 
system. The pound is a unit of 
force or weight in the British 
system.) This pressure, 10° N/m’, 
is called standard atmospheric 
pressure or, briefly, one atmos- 
phere. How many newtons per 
square meter is a pressure of 15 
atmospheres? Of % atmosphere? 
In British units, one atmosphere 
is about 14.7 pounds per square 
inch, 


Figure 2.17 The rock cycle 
shows how rocks and minerals 
change. 
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the-orthoclase will change to clay, a mineral that is stable 
at the surface conditions. However, this change is generally 
so slow that it is difficult to see it happening. 

We can summarize the rock cycle in a few words. Min- 
erals are stable only in the environment in which they are 
formed. Since rocks are made of minerals, rocks, too, are 
stable only in the environment in which they are formed. 
And because most rocks are subjected at one time or another 
to a change of environment, most rocks eventually change. 

To tell the three classes of rocks apart, geologists describe 
their compositions and textures. The composition of a rock 
can be stated as a chemical composition or a mineralogical 
composition. To determine the chemical composition involves 
detailed laboratory study. The mineral composition is easier to 
determine. You can sometimes tell what minerals are in a 
specimen of rock just by looking at it. Or you can use a hand 
lens (magnifying glass) or, even better, a microscope. The 
texture of a rock is determined by the shape, size, and arrange- 
ment of the minerals it is made up of. 

Geologists who study igneous and metamorphic rocks 
have the nickname “hard-rockers.” Geologists who study sedi- 
ments and sedimentary rocks are “soft-rockers.” The soft- 
rockers are quick to point out that sedimentary rocks, while 
softer, can be the hardest (most difficult) rocks to study. This 
is because sedimentary rocks can contain pieces of any kind 
of mineral and any kind of rock. So to understand sedimentary 
rocks, they must also know quite a bit about igneous and meta- 
morphic rocks and minerals. And, believe it or not, there are 
some geologists who might be called “no-rockers.” These 
geologists are usually highly trained in physics, chemistry, 
and mathematics. They theorize and they make models— 
sometimes with real substances, sometimes with the help of 
computers, and sometimes just in their heads. 


Principle of uniformitarianism. The main job of a 
geologist is to figure out the history of Earth. Historians study 
the history of man since man first recorded events; for example, 
there are Civil War historians and there are European his- 
torians. Geologists are historians too—Earth historians. Dif- 
ferent geologists specialize in the history of different parts 
of Earth and in rocks of different ages. To study the history of 
Earth, geologists must study all the surviving bits of evidence, 
all the clues to the past. The main evidence is in the rocks 
themselves. But if geologists weren’t around when the rocks 
were formed, how can they tell how they formed? 
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In the late 1700s, James Hutton (1726-1797), a Scotsman, 
spent years observing nature at work. He realized that old sed- 
imentary rocks were probably formed by the same processes 
that were at work in nature all around him. He realized that 
Just as sand on a beach today is moved by waves and currents, 
so sand on ancient beaches was probably moved before it was 
hardened into the sandstone we see today. He studied old 
sedimentary rocks and compared them with modern sedi- 
ments and the processes now at work on the sediments. He was 
thus able to suggest how the old rocks formed—they were 
formed by the same processes that are now turning sediments 
into sedimentary rocks. He said that since young lava flows 
look like old ones, they were probably all formed by the same 
types of processes. Hutton also surmised that the granites of 
Scotland had formed from hot molten rock that had come from 
within Earth. 

Finally, in 1788, after more than 30 years of observing 
geological processes, Hutton stated that there was a uniformity 
in nature. He said that geological processes at work today 
had also been at work in the past. This is now known as the 
principle of uniformitarianism. In other words, “the present 
is the key to the past.” The principle does not imply that things 
are happening at the same rate (speed) today as in the past; 
it Just says that the same processes are at work today as in 
the past. 

Hutton’s views were in direct opposition to the prevailing 
beliefs of the day. Most people thought that rocks and other 
Earth features were the results of major catastrophes, such as 
earthquakes and floods. Mountains, for example, were be- 
lieved to have been pushed up in sudden, violent happenings. 
This principle is called catastrophism. Another objection 
to uniformitarianism was that (as Hutton himself pointed 
out) it required a very long time for the formation of rocks 
and other features, far longer than what was then believed 
to be the age of Earth. 

One of Hutton’s main opponents was Abraham Gottlob 
Werner (1744-1817), a famous teacher in Germany. Werner 
was a good mineralogist and wrote very detailed and useful 
descriptions of rocks and minerals, but when it came to theory 
he was often wrong. Although there was strong evidence to 
the contrary, he insisted that volcanic rocks resulted from 
the melting of sediments when coal beds beneath them caught 
fire. He also taught that the rocks we now call igneous and 
metamorphic rocks had formed in the water of an ocean that 
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covered the entire Earth early in its history. Thus Werner and 
his followers were called Neptunists, after the Roman god of 
the sea, and Hutton and his followers were called Plutonists, 
after the god of the lower world. Eventually Hutton’s views 
were accepted by nearly everyone, but not during his lifetime. 

Hutton wasn’t the first person to recognize this uniformity 
in nature’s processes. For example, nearly 300 years earlier, 
Leonardo da Vinci noted that rocks in the Italian mountains 
appeared as though they had been formed in the sea. But Hut- 
ton was the first to explain the principle in detail, and he is 
generally given credit for it. This, together with his sharp ob- 
servations on geological processes in general, have earned 
him the title “the father of modern geology.” 

Where had Hutton made the observations that led to his 
statement of uniformity? Indoors, from his comfortable living 
room? Obviously not. He went into the fields, where the action 
is! To understand nature, we must observe it “where it’s at.” 
As a geologist once said, “Geology withers indoors.” We can 
use some armchair geologists, but not too many. 


Go, my sons—burn your books—buy yourselves stout 
shoes—go to the mountains—search the valleys—the 
deserts—the shores of the seas—the deepest recesses 
of the earth. In this way, and no other, will you arrive 
at a knowledge of things and of their properties. 


Petrus Severinus (1571) 


Crit Kay. Ollie A Cales 

1. What are the three main groups of rocks? 
2. Describe some ways in which rocks change. 
3. What is the principle of uniformitarianism? 


4. What is the principle of catastrophism? 


APPLYING WHAT YOU HAVE LEARNED 


1. Beautiful groups of well-formed crystals had to have space 
in which to grow. Where do you think such crystals are formed? 


2. Are any of these materials minerals? 
coal artificial diamonds water 
petroleum bottle glass 
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3. You know that the three main classes of rocks can be re- 
lated to each other in terms of the rock cycle (Figure 2.17). 
Notice that some arrows on the diagram cut across the circle. 
What does each of these particular arrows tell us about the 
rock cycle? What do all of these cross-cutting arrows, con- 
sidered together, tell us about the rock cycle? Do you think the 
history of many rocks can be traced from magma, around the 
cycle, and back to magma? How would you know whether a 
particular rock has “gone full circle”? 


4. Crystal structures are made out of ions. Two main factors 
control which ions can become part of the crystal structure of a 
particular mineral. These factors are the electrical charge of 
the ions and the size of the ions. The crystal structure has to be 
electrically neutral (have just as many positive charges as 
negative charges). The ions cannot be too large or too small, 
or else the crystal structure will be so distorted that it will not 
be a uniform crystalline material. Thus, if ions have about the 
same size and charge, they can substitute for each other in 
the crystal structure. The following is a list of the sizes and 
charges of some of the common ions: 


Ionic Radius 


Ionic Charge (in angstroms) 
One (oxygen) 132 
Sittt+ — (silicon) 42 
Ale (aluminum) ay 
Fett (iron) 74 
Cam (calcium) :99 
Nat (sodium) ‘oT 
Kt (potassium) 1.33 
Megtt (magnesium) .66 


Which two ions have the same charge and about the same size? 
What pairs of ions are approximately the same size, but have 
different amounts of charge? 


Olivine has the general formula (Mg,Fe),SiO,. Why do you 
suppose Mg and Fe are within the brackets? One type of 
olivine has the formula Mg,SiO, and another type has the 
formula Fe,SiO,. Most olivines contain both Mg and Fe, with 
Mg usually dominant. Are these three olivine formulas elec- 
trically neutral? 


Plagioclase feldspars are more complicated. One type has 
the formula NaAlSi,O, and another type has the formula 
CaAl,Si,O,. There are several types with both Ca and Na ions 
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present. In fact, all ratios of Ca and Na can be found. Thus, 
can’t Ca and Na ions substitute for each other? Are they about 
the same size? Do they have the same charge? Are both for- 
mulas electrically neutral? What other substitution has to 
take place when Ca and Na substitute for each other in plagi- 


oclase? 
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Figure 3.1 These volcanic rocks 43 
formed from a lava flow on the 

side of Mt. Vesuvius, near Naples, 

Italy. 


chapter 3 


Igneous Rocks 


Imagine that you are standing near an erupting volcano, feel- 
ing the heat, smelling the foul gases, hearing the explosions, 
and seeing the bubbling, red-hot lava. Wouldn’t you wonder 
what depth the lava came from? Or why it came to the surface? 
Or why it’s hot? Or how much more molten rock is down there? 
In order to answer these questions, geologists study both 
modern volcanoes and old volcanic rocks. They know that the 
present is the key to the past. 


WHAT HAPPENS TO MAGMA? 


Rocks formed when magma extrudes (comes out) to the sur- 
face are called volcanic or extrusive rocks. The lava flow 
shown in Figure 3.1 is an extrusive rock that formed when the 
lava cooled and crystallized. But not all magma comes to the 
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surface. Some magma forces its way into or intrudes into ex- 
isting rocks, forming plutonic or intrusive rocks (Figure 3.2). 
Plutonic rocks are named after Pluto, the Greek god of the 
underworld. We think that some magma crystallizes into rock 
very deep beneath the surface, as deep as 20 kilometers. 

But can geologists, when studying plutonic rocks, use the 
present as the key to the past? Where could they observe 
magma that is cooling at depth? Even if they could get down 
there, could they live at the high temperatures and pressures? 
True, they study exposed plutonic rocks in the field, but this 
does not answer all their questions. If they are trying to answer 
certain questions about how these rocks formed, they must 
use different methods. 

Geologists use strong “bombs” or containers in which they 
create high temperatures and pressures, similar to those that 
exist at depth. By placing certain ingredients in the bombs, 
melting them, and cooling them, they try to reproduce nature’s 
results. (For example, they might try to produce artificial 
igneous rocks in the bombs.) Do they succeed? They think 
they do, sometimes. One of the biggest problems is that it is 
impossible to duplicate the length of time. If it takes a large 
body of magma a thousand or a million years to cool, how can 
scientists duplicate this in the laboratory? 
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Texture. The main clue to the environment in which an 
igneous rock crystallized is the size of its crystals. If the crystals 
in an igneous rock are small, this means that the magma cooled 
quickly, before the crystals had time to grow very large. (The 
ions in the magma didn’t have time to gather and form large 
crystals.) Where should magma cool most quickly? At the 
surface, where cool air and water are present, or deep in the 
crust, where it is hot and where the surrounding rocks help to 
keep the heat in the magma? Obviously then, extrusive rocks 
contain small crystals and intrusive rocks contain larger 
crystals. However, couldn’t a thin sheet of magma that cooled 
underground be fine-grained, and a thick lava flow have large 
crystals in its center? 





activity 3.1 Growing crystals 


We can’t watch crystals forming in magma, but we can watch 
them forming in the chemical compound called thymol. For 
this experiment you need thymol, a petri dish, a hot plate, a 
microscope (preferably a binocular microscope), and forceps. 





Put a small amount of thymol in a petri dish and heat it 
on a hot plate at the lowest heat setting. When the thymol is 
completely melted, transfer the dish to the microscope stage. 
Add a few small crystals to the melt to act as nuclei or “seed 
crystals” on which the material will easily crystallize. 

As the melt cools, watch the crystals form. How are they 
growing? Make a sketch of the crystallized material. 

Try cooling the melt rapidly (on an ice cube) and slowly, 
without seed crystals. (It may be harder to observe the crystal- 
ization under the microscope in these cases, but the final 
crystalline materials can be compared.) What are the differ- 
ences? What effect does the rate of cooling have on crystal size? 





What do you think happens when magma cools so quickly 
that the ions can’t move through the magma and can’t get 
together to form any crystals? If you concluded that obsidian, 
or natural glass, forms, you were right. What is the arrange- 
ment of the ions within the glass? And here’s another brain- 
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stretcher for you: What texture should result if magma cools 
slowly at first, and then more rapidly? What can you say about 
the rate of cooling of the magma when the rocks pictured in 
Figures 3.3 and 3.4 were formed? 


Composition. Igneous rocks vary not only in grain size, 
but also in composition. All magmas are solutions of water and 
ions of silicon, aluminum, iron, magnesium, calcium, potas- 
sium, and sodium. Other ions are also present in small quan- 
tities. Magmas that contain much silicon and a relatively 
large amount of potassium and sodium are often described as 
granitic magmas. They form granitic rocks—that is, they 
form granite or rocks whose compositions are more or less 
similar to the composition of granite. Magmas that contain 
relatively more iron, magnesium, and calcium are called 
basaltic magmas. They form basaltic rocks—basalt or rocks 
similar to basalt. Basaltic rocks are generally dark grey, dark 
green, or black—an effect produced by the higher iron and 
magnesium content. Granitic rocks tend to be light-colored. Of 
course there are also magmas with compositions between the 
granitic and basaltic types. 


GineC Kwye © Raia GxieS 
1. What two general types of rocks are formed from magma? 
2. What does crystal size tell you about an igneous rock? 


3. What is the difference between granitic and basaltic 
magmas? 


KINDS OF IGNEOUS ROCKS 


You should keep in mind that igneous rocks range in compo- 
sition all the way from granitic to basaltic. The terms “gra- 
nitic” and “basaltic” are not precise. They just indicate the rock 
composition in a general way. The variation in the mineral- 
ogical composition of igneous rocks is shown in the diagram 
at the top of Figure 3.3. Orthoclase, for example, is found at 
the left of the diagram, extending to about the middle. It is 
found in granitic and in some intermediate rocks. Olivine is 
found at the right of the diagram. It is found in basaltic rocks. 
Plagioclase is found in granitic, intermediate, and some 
basaltic rocks. The only rocks plagioclase is not found in are 
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Figure 3.3. Any igneous rock can be placed on this 
chart. The larger its grain size, the higher it would be 
placed. Its left-right position depends on its mineral 
composition. Mineral composition is indicated by the 
arrows next to the minerals. For example, a rock 
made up of orthoclase, quartz, and biotite would 
be placed toward the left; and a rock made up of 
plagioclase, pyroxene, and olivine would be placed 
toward the right. Only five kinds of igneous rocks, 
OBSIDIAN out of the hundreds known, are shown here. 


GLASSY 
(NO CRYSTALS) 
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the rocks at the extreme right of the diagram. Such rocks are 
extremely rich in iron and magnesium minerals, mainly 
pyroxene and olivine. 

Over 600 igneous rocks have been named! The five rocks 
shown in Figure 3.3 are well-known kinds. Two of them, 
granite and basalt, make up about 95 percent of the igneous 
rocks in Earth’s crust. (There is a layer of basalt over the entire 
Earth. The continents consist mainly of a layer of granite lying 
on the worldwide layer of basalt.) Because granite and basalt 
are so common, we won’t bother with the rest of the igneous 
rocks. They can’t be too important, can they? Interestingly, 
rocks brought back from the Moon have all been basaltic. On 
the other hand, the first tests of materials on the surface of 
Venus have shown that the materials are granitic! (The tests 
were done automatically by unmanned spacecraft that landed 
on Venus. The results of the tests were sent back to Earth by 
radio.) 

What can you say about the rate of cooling of the magma 
when the rocks pictured in Figure 3.3 were formed? Granite 
and rhyolite have very similar compositions but differ in grain 
size (Figure 3.4). Which rock cooled faster? 





activity 3.2 Identifying rates of cooling in 
igneous rocks 
Your teacher will provide you with some specimens of igneous 


rocks. Arrange them into the following groups: 
1. Those that appear to have cooled very rapidly. 


2. Those that appear to have cooled rapidly. 
3. Those that appear to have cooled slowly. 


4. Those that do not appear to fit into any of the above 
groups. 





Why are there magmas of different compositions? 
We said on page 46 that there are magmas of different compo- 
sitions. If different kinds of rocks are melted in the crust, 
wouldn’t they form different magmas? Wouldn’t melted clay, 
melted granite, and melted basalt be quite different chemi- 
cally? Surely different magmas can be formed in this way. 





Figure 3.4 These are micro- 
scopic views of granite (top) and 
rhyolite (bottom). 
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According to another theory, proposed by the geophys- 
icist Norman L. Bowen, the most common type of magma is 
basaltic. He suggested that most magmas are originally ba- 
saltic, and that other types of magmas come from them. In 
the Geophysical Laboratory in Washington, D.C. (known af- 
fectionately to some as the “Gee-Whiz Lab”), Bowen observed 
what happened as basaltic magma cooled. He found that 
olivine and calcium plagioclase were the first main minerals 
to form in this magma. He also found that if the first crystals of 
olivine are left in the cooling magma, some will react with the 
magma and form pyroxene. The resulting rock will then be 
made up of plagioclase, pyroxene, and olivine. (What kind of 
rock would this be? Refer back to Figure 3.3.) If the olivine is 
removed from the magma, something else happens. Suppose 
the olivine crystals settle to the bottom of the body of magma. 
Then the magma can’t react with the olivine, and the magma 
changes in composition. You know from the mineral compo- 
sitions (Table 2.2) that olivine contains iron and magnesium. 
So if olivine is removed, doesn’t the magma become poorer in 
iron and magnesium? And doesn’t it become relatively richer 
in the remaining elements? If each mineral is removed from 
the magma as it forms, the magma composition will contin- 
ually change. Finally, the remaining magma is granitic in 
composition, and when it crystallizes, mostly orthoclase and 
quartz are formed (Figure 3.5). In this way, a small amount of 
granitic magma can be formed from a basaltic magma. (If this 


Figure 3.5 This diagram shows 
the order of crystallization of 
minerals in a basaltic magma with 
decreasing temperature. Com- 
plicated reactions may go on be- 
tween the minerals at the left of 
the diagram. 
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granitic magma cools beneath the surface, what rock does it 
form? If it reaches the surface as lava, what rock does it form?) 
The process in which different magmas are derived from one 
original magma is called magmatic differentiation. 

Few, if any, geologists question Bowen’s results. But 
many doubt whether his theory can explain all the different 
igneous rocks in the world. If Bowen’s theory is the only ex- 
planation, then why are the continents mainly granitic and 
the ocean floors mainly basaltic? Shouldn’t the different rocks 
occur together more commonly if they crystallized out of the 
same blobs of magma? Why aren’t the intermediate rock types 
more common? 

A major objection to Bowen’s model of magma differen- 
tiation is that there is too much granite on Earth. Only a small 
amount of basaltic magma ends up as granite (less than ten 
percent), whereas 95 percent of the continental crust is granite. 
The fact that Earth has so much granite is considered by some 
geologists one of the greatest unsolved problems in earth 
science. When this problem is solved, we shall know far more 
about not just granite, but the history of the entire Earth— 
how it was formed, what happened to it in its early stages, how 
it acquired its internal structure and its crust. 


CrhIECK YOUR FACTS 


1. Are all igneous rocks either granitic or basaltic in com- 
position? Are there distinctly different kinds of igneous rocks, 
or is there a continuous variation from kind to kind? 


2. What is an obvious, visible difference between granite and 
rhyolite, and between gabbro and basalt? 


3. How might a basaltic magma yield different kinds of 
magma? 


IGNEOUS MINERAL RESOURCES 


Do you know why nations wage wars? There are many rea- 
sons, of course, but one of the important reasons is mineral 
resources. If a piece of land contains deposits of important 
minerals, then other nations may want that piece of land. 
Mineral resources have helped empires to grow and be- 
come great. Today they may determine whether a nation can 
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be an important industrial country. International politics are 
often based on mineral resources. (Perhaps there should be a 
special branch of geology dealing with “geopolitics”!) Who is 
going to be able to buy the oil of the Middle East? Who is going 
to control the rich agricultural “bread baskets” of the world? If 
oil is found 10 kilometers offshore, does it belong to the nation 
off whose shore it is found? At what distance from the shore 
should the sea become international territory rather than 
national territory? 

Mineral deposits have been formed in many ways. Igne- 
ous, sedimentary, and metamorphic processes have all been 
important in their formation. You probably think that de- 
posits of metallic compounds—compounds of iron, copper, 
silver, and all the rest—are the most valuable mineral re- 
sources. Actually, the value of nonmetallic deposits, including 
the fossil fuels (oil, gas, and coal) is three times that of metallic 
deposits. 

Natural concentration of the different elements is neces- 
sary before a resource is valuable. For example, copper makes 
up only 0.00005 percent of Earth’s crust. How many times 
richer in copper does a rock have to be to form ore containing 
0.25 percent copper? How many times for ore of 1 percent 
copper? It is lucky for us that igneous, sedimentary, and meta- 
morphic processes have concentrated elements enough to 
make it worthwhile for man to mine them. Now let’s study 
some of the important igneous mineral resources. 


Nickel. The world’s largest nickel mine is at Sudbury, 
Ontario, Canada, in a basin-shaped body of dark-colored, 
coarse-grained igneous rocks. It produces as much copper as 
nickel, and fair amounts of platinum, gold, silver, selenium, 
and tellurium as well. The ore is made up of heavy sulfide 
minerals. These minerals may have settled out of the magma 
after they were formed and collected at the bottom of the 
magma pool. Geologist Robert Dietz thinks that the Sudbury 
ore body may have a different origin than that just described. 
He suggests that a meteorite about 4 kilometers in diameter 
hit the Earth at Sudbury. It was a copper-rich, nickel-and-iron 
meteorite. The great heat caused by the impact melted much of 
the meteorite and the surrounding rocks producing the magma 
that crystallized to form the igneous rock. Large reserves of 
low grade copper and nickel ore have also been found in gabbro 
in northeastern Minnesota, but they are not yet being mined. 
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activity 3.3 Extracting lead from its ore 


The metallic element lead (Pb) is found combined with other 
elements. For example, it is found in combination with sulfur 
as the mineral galena (lead sulfide, PbS). To obtain lead, it 
must be extracted from galena. For this activity you need a 
few grams of galena, a porcelain crucible supported on a ring 
stand or tripod by a clay triangle or wire net, a bunsen burner, 
a charcoal block, and a blowpipe. 

Crush a few grams of galena and place in the crucible. Heat 
strongly. What does the gas that is released smell like? What 
do you think it is? 

Remove some of the “roasted” ore from the crucible and 
place in a cavity in the charcoal block. Direct the flame of the 
blowpipe into the ore until small beads of metallic lead are 
formed. What has been happening? 

Operations similar to these are used in the extraction of 
metals from sulfide minerals (minerals composed of a metal 
and sulfur). 


GE PB EE TS 


Diamond. One of the most beautiful and costly gem min- 
erals is diamond. It is a crystalline form of the element car- 
bon. The diamonds of the world originally all came from 
small igneous intrusions called diamond pipes. Some pipes 
are only 30 meters in diameter. Diamond pipes are com- 
posed of igneous rock very rich in iron and magnesium min- 
erals, such as pyroxene and olivine. The diamond-bearing 
magma probably came from a depth of 100 to 160 kilometers. 
Some geologists think that the diamonds crystalized at great 





> 
DIAMOND GRAPHITE 








Figure 3.6 Diamond and graph- 
ite (left) differ in the arrangement 
of their ions. 


Figure 3.7 This copper mine in 
Utah (right) is about 800 meters 
deep. The ore minerals were de- 
posited by hydrothermal solu- 
tions. 
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depths and were somehow transported upward. A bit of evi- 
dence for this idea is that two broken parts of a diamond were 
found at different levels in one mine. And they fitted together 
perfectly! Diamonds are rare even in the highest grade ore. 
One carat (about 0.2 gram) for each three tons of rock, or 
0.0000073 percent, is the best ore ever mined. Actually, most 
diamonds (96 percent) are mined not directly from the rocks in 
which they were formed, but from sediments that were formed 
by the weathering and erosion of those rocks. 


The African continent produces 97 percent of the world’s } 


diamonds. The largest diamond ever found, the Cullinan dia- 


mond from the Republic of South Africa, measured 3106 | 


carats (almost 0.6 kilograms or 1.3 pounds)! Only one diamond 
pipe—at Murfreesboro, Arkansas—has been found in North 
America. However, a few diamonds have been found elsewhere 
in the United States in gravel deposits. Some diamonds have 
been found in sediments carried south from Canada into the 
United States. Anyone for going to Canada to look for the lost 
diamond pipes? 

The best diamonds are so valuable that you could hide 


more than $10,000,000 worth of them on your body; that much § . 


gold would weigh about 10 tons. Only about 20 percent of the 


diamonds mined each year are of gem quality. Most are used ‘ 


by industry in cutting tools, since diamond is the hardest 
mineral known. Graphite, one of the softest minerals, is pure 
carbon just as diamond is. They are different because the ions 
are loosely packed and bonded in graphite and tightly packed 
and bonded in diamond (Figure 3.6). Industrial-quality 
diamonds can now be manufactured by subjecting graphite 
to pressures of 100,000 atmospheres and temperatures of 
15,000°C. 


Hydrothermal ore minerals. As a body of magma 
crystallizes there are commonly hot, watery solutions left 
over. These hydrothermal solutions often contain ions of 
silver, gold, copper, zinc, and lead. These ions are not found in 
the crystal structures of the common rock-forming minerals 
because their sizes and charges are wrong for the crystal 
structures. The hydrothermal solutions commonly find their 
way into the rocks around the magma and form veins and 
scattered spots of ore. The copper in the electric wires in your 
home may have come from the hydrothermal copper deposit 
shown in Figure 3.7. Some hydrothermal quartz veins contain 





Figure 3.8 A quartz vein. 
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gold. Prospectors and geologists always check white quartz 
veins (Figure 3.8) very carefully; that’s why so many of them 
have holes in the knees of their pants! 


CrRIECK YOUR FACTS 
1. What is the difference between magma and lava? 


2. What does the size of the crystal grains in an igneous rock 
tell you about the rock’s history? 


3. What are the two most abundant igneous rocks? 
4. What is magmatic differentiation? 


5. What is a hydrothermal vein? 


aime iiINGWnAd YOU HAVE LEARNED 


1. Many of the Indian arrowheads found in the western United 
States are made out of obsidian. The arrowheads are made 
by flaking or chipping the obsidian. Why was obsidian so 
widely used for this purpose by the Indians? 


2. Gold has an ionic radius of 1.37 angstroms and a charge of 
+1. Silver has an ionic radius of 1.26 angstroms and a charge 
of +1. You’ve read about hydrothermal gold veins. Do you 
think any of these veins could contain silver with the gold? 


3. We know that if a magma cools slowly, the crystals can 
grow large because there is much time for the ions to move 
through the magma to become part of a growing crystal. What 
if a scientist proved by some new technique that a certain 
very coarse-grained igneous rock was formed from a magma 
that cooled relatively quickly? How could the coarse crystals 
be explained? 


aay ORD) S 


volcanic rock (p. 43) basaltic magma (p. 46) 
extrusive rock (p. 43) magmatic differentiation (p. 
plutonic rock (p. 44) 50) 

intrusive rock (p. 44) hydrothermal solution (p. 


granitic magma (p. 46) 54) 





Figure 4.1 These cracks in gran- 57 
ite have been widened by me- 

chanical and chemical weather- 

ing. 


chapter 4 


Sedimentary Rocks 


A man died in New England in 1826. His family had a beau- 
tiful, polished-rock tombstone put on his grave. “It shall last 
hundreds and hundreds of years as a memorial to this fine 
man,” they said. Today the engraved inscription on the tomb- 
stone cannot even be read. Why not? The rock has rotted and 
crumbled. It had been stable beneath the surface of Earth 
at high temperatures and pressures, but was unstable at the 
surface. 


WEATHERING 


The alteration (change) of rocks and minerals at Earth’s 
surface is called weathering. This is a logical name, because 
the changes are caused by the weather—by air and water. 
There are two types of weathering, mechanical and chemi- 
cal; usually both are taking place at the same time. 
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Mechanical weathering. Mechanical weathering is 
simple to understand. It is just the breaking up of rocks and 
minerals into smaller pieces. Many things help break up the 
rocks. Trees and other plants send their roots into cracks in 
rocks; the root pressures commonly get strong enough to wedge 
the rocks apart. Particles carried by water, wind, and ice 
also help break up rocks. Animals burrow and help break 
up rock. Man himself does a pretty good job of it when he builds 
roads and dams. Some plutonic rocks expand and crack when 
the overlying rocks are eroded away and the pressure on the 
rock decreases. But the main cause of breaking is the freezing 
of water in cracks (Figure 4.1). Water expands by about 9 per- 
cent when it freezes. If water accumulates in a crack, it freezes 
at the top first. As the rest freezes, it puts a tremendous pres- 
sure on the rock. Pressures up to 2000 atmospheres have been 
recorded! And very thin films of water can get into very fine 
cracks, there to freeze and expand. 


Chemical weathering. Chemical weathering includes 
all the chemical changes that result when water and air 
attack the rocks. Water usually contains various chemicals 
in solution—that is, it contains various ions. These chemi- 
cals react with rocks and break them down. Air attacks rocks 
chemically because it contains water vapor and, especially in 
industrial areas, it contains various corrosive gases. 

Water and air can attack only the surface or outside of a 
solid piece of rock. That’s why the mechanical breakdown into 
smaller pieces is so important. As the pieces get smaller, there 
is more and more total surface area to be attacked. 





activity 4.1 Surface areas produced from 
a one-meter cube 


For this experiment you do not need any lab equipment. You 
need only paper, pencil, and your head. 

Imagine a cube of rock one meter on each edge (Figure 
4.2a). What is its volume? What is its surface area? Suppose 
you cut it down the middle, as in Figure 4.2b. You have created 
two new surfaces, each of them one square meter in area. The 
volume remains the same, but the surface area has increased 
from 6 square meters to 8 square meters. If you make three such 


A pressure of 2000 atmospheres 
is equal to about 200,000,000 
newtons per square meter or 
30,000 pounds per square inch. 
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(a) (b) (c) 


cuts, you will obtain eight cubes § meter on each side (Figure 
4.2c). What is the total area now? (There are two ways to solve 
this problem. One way is to figure out the area of each cube 
and multiply by the number of cubes. The other way, which 
seems more complicated but is really easier, is to keep adding 
the amount of new surface created each time you make a cut.) 

With nine cuts, you will break the original cube into 64 
cubes { meter on each side (Figure 4.2d). What is the area now? 
What is the area with{-meter cubes? With ,-meter cubes? With 
35-meter cubes? Measure out on the floor an area equal to the 
answer you got for ,-meter cubes. 

Is mechanical weathering important to chemical weath- 
ering? 


SSS I (SE EE IL ST BT DSSS SS EP 


Ions are most active when they are in water and when 
the temperature is high. That’s when they move around and 
react and join other ions. Therefore, water and air do the 
most chemical weathering in a moist, hot climate. If the cli- 
mate is either dry or cold, as in deserts and polar areas, 
mechanical weathering is much more important than chemical 
weathering. 

Oxygen from the air and from water combines with certain 
elements to form a mineral group called oxides. The process 
of combining with oxygen is called oxidation. Iron (Fe) is 
the most common element involved in this process. The iron 
on the surface of a grain of olivine (Fe, Mg, Si, O), for example, 
will combine with oxygen to form iron oxides (rust). The two 
common iron oxides are the minerals hematite (Fe,O,) and 


Vee 








(d) 


Figure 4.2 Cutting a cube. 
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limonite (Fe,O,:nH,O). Fine, powdered hematite is red. Fine, 
powdered limonite is yellow. Because the iron that helps hold 
the silicon-oxygen tetrahedrons (or building blocks) together 
is removed, the olivine crumbles. 





activity 4.2. Producing rust 


For this activity you need some iron sulfate (FeSO,:7H,O) and 
a 500-milliliter flask or pint bottle with a cover. 

Grind about half a teaspoon of iron sulfate to a powder. 
Add the powder to the flask, which should be about half full 
of water. Close cover and shake vigorously for five minutes. 
What happens? 

Let the flask or bottle stand for 15 to 30 minutes. What 
happens? Why is the water the color that it is? If the bottle 
is allowed to stand overnight the colored material will settle 
to the bottom. What is the colored material? 

What happens to an axe or knife or nail left outside for a 
day or two in a wet climate? If you live in such a climate, put 
some new nails outside for a few days and see what happens. 
Would you expect the same thing to happen if you lived in a 
very dry climate? Or in a very cold climate? 





Hydrogen ions, Ht, in water can also cause minerals to 
break up chemically. Some Ht ions are present in all water 
because a little of the water breaks up into H* ions and hy- 
droxide ions, (OH)~. A more important source of hydrogen 
ions is carbonic acid, H,CO,, a weak acid present in most rain 
and ground water. It forms when water and carbon dioxide, 
CO,, combine. (The carbon dioxide comes from the atmosphere 
and from plants in the soil.) Carbonic acid breaks up into H* 
ions and carbonate ions, (CO,)~~. Ht ions attack the common 
silicate minerals and change them to clay minerals. In effect, 
they replace the positive ions, most of which are then carried 
away to the sea. Here is a simplified equation as an example: 


K, Al; Si, O+ H* =H; AlySi, OG Ke 
orthoclase clay minerals 
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Actually, some of the potassium ions (K+) stay with the clay, 
and some silicon is removed. Sodium, calcium, and magnesium 
behave much as potassium does. 

Do the other common rock-forming minerals undergo 
chemical weathering? (Don’t forget what happens to iron 
ions.) Figure 4.3 shows the order in which these minerals 
weather. What about quartz? It contains no iron that can 
rust and no aluminum that can form clay minerals. Therefore, 
almost nothing happens to quartz. Most of it stays in the soil 
as quartz grains. 

You might be thinking that weathering is dull stuff and 
not worth your time. One famous geologist said that “Weath- 
ering is the geologic process most important and closest to the 
life of man.” Now why should he make a claim like that? 
Read on.... 


CirIEeIK YOQOUIR FACTS 
1. How does mechanical weathering occur? 


2. Why is mechanical weathering important to chemical 
weathering? 


SOIL 


Has it ever occurred to you how important soil is? Without 
soil, could you exist? Can you plant wheat or corn or rice on 
bare rock? Or would you even be here to plant it? 

Soils are formed by the weathering of rock (Figure 4.4). 
Clay minerals are the most important products of weathering 
and are the main ingredients of a good soil. Without it, not 





Olivine Calcium 
plagioclase 


Pyroxene 


Amphibole 


Sodium 
Biotite —_ plagioclase 


Orthoclase 
Muscovite 
Quartz 


Figure 4.3 Minerals weather 
chemically in this order. (The min- 
erals at the top of the diagram 
weather first.) Does this diagram 
resemble a diagram you studied 
in Chapter 3? Why? 


Figure 4.4 Weathering is slowly 
breaking this gabbro down and 
turning it into soil. 
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much would grow. Besides providing necessary nutrient ele- 
ments to plants, clays help hold water in the soil. Soils also 
contain humus (plant matter in various stages of decay), 
iron oxides, quartz, and incompletely weathered mineral 
grains. Can you explain why these are the main ingredients 
in a soil? A diagram of a vertical cut from soil down to bedrock 
is shown in Figure 4.5. 

There are many kinds of clay minerals. Clays that still 
contain some K+, Na*, Cat*+, Mgt*, and small amounts of 
other elements are the best kinds. They form in temperate 
climates that are not too hot, not too cool, not too dry, and 
not too wet, but just right. In hot, wet climates rock can be 
so thoroughly weathered that most of the ions necessary for 
plant growth are carried away in solution. And you already 
know that a cold and dry climate means little chemical weath- 
ering. We can honestly say, then, that climate is the most 
important factor in determining the type of clay tha!: forms. 
Years ago, geologists thought that the type of rock that was 
being weathered was the important factor, but more recent 
research showed that this was not so. Not surprising, since 
chemical weathering of most silicate minerals results in the 
formation of clay. 
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Soil conservation. Throughout history, when man has 
found an area of good soil he has tended to farm it for all 
it’s worth. Also, he has commonly planted the same crop year 
after year. This is bad practice. Growing the same crop year 
after year robs the soil of certain nutrient elements, because 


Figure 4.5 Without soil ( the top 
layers shown), none of us would 
be here. 


Figure 4.6 An abandoned home- 
stead—a typical scene in the 
“Dustbowl.” 
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each. particular kind of crop tends to remove a particular set 
of elements from the soil. As the American pioneers moved 
westward, they found good soils—soils that had formed over 
long periods of time. They often robbed the soil of its nutrients 
in just a few years. Always the cry was “Westward ho!” If 
you ruined the land, you could move on to new land. Studies 
have shown that the crop yield from some types of soil dropped 
by half in only three years! 

Man is slow to learn. In the southwestern United States 
in the 1930s, a combination of drought and overtilling of the 
land caused much of the topsoil to blow away, producing 
the famous “Dustbowl” (Figure 4.6). Topsoil is the top layer 
of the soil, rich in humus and in clay minerals. Even now, 
large tracts of land in the western states are being overgrazed 
—that is, too many cattle or sheep are eating the vegetation 
that enriches and stabilizes the topsoil (Figure 4.7). Less than 
a hundred years ago these rangelands were covered with grass 
and other vegetation that supported vast herds of bison, 
elk, deer, pronghorn antelope, and bighorn sheep. The estab- 
lishment of cattle and sheep ranges damaged much of these 
choice grasslands. 

The depletion of our soils might be less alarming if it 
were happening only in some of the western rangelands. But 
even in lowa, where farmers use their land carefully, the 
soils are losing about one percent of their fertility per year. 

One solution to the problem of decreasing fertility is the 
planting of different crops on a piece of land from year to year. 
Other solutions are to let the soil rest and to plow a crop 





Figure 4.7 Overgrazed land. 
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into the soil. Even with these practices, it is still usually 
necessary to add artificial fertilizers. (The Indians used natural 
materials for fertilizers. They taught the Pilgrims how to 
place a dead fish in each hill of corn they planted to supply 
the nutrients necessary for rapid growth.) It has been esti- 
mated that the agricultural production of the United States 
would drop 25 percent if we stopped using fertilizers. 

Fertilizers are helpful, but there is such a thing as too 
much of a good thing! Adding so many ions that the clay 
minerals can’t take them up for later use by plants may be 
harmful. Under such conditions the extra ions are carried 
by rainwater into streams and lakes. There algae and other 
microscopic plants use the nutrients and grow so fast that 
the water turns green with them. Bacteria that eat the 
plants multiply. The natural balance between plants and 
animals is upset. The plants choke the lake, the bacteria 
use up much of the oxygen dissolved in the water, and the 
fish and other animals that live in the lake die because there 
is not enough oxygen left for them. (You might argue that the 
plants add oxygen to the lake through photosynthesis. True, 
but they also use it at night when there is no sunlight for 
photosynthesis. So, there is only a small oxygen gain due to 
the plants.) In time, a clear, clean lake can turn into a muddy 
bog. By trying to solve one problem, man may make other 
problems! 


Cirleeix \OUWR FNCTS 
1. How is soil formed? 
2. What is the most important mineral in soil? 


3. In what way can fertilizers be harmful? 


FROM SEDIMENT TO SEDIMENTARY ROCK 


Sediment. Mechanical and chemical weathering  to- 
gether produce the particles we call sediment. Some sedi- 
ment may be big boulders, some may be small pebbles, some 
sand-size grains, and some so small that we cannot see them 
without the aid of instruments. Unless the sediment is formed 
on an almost perfectly flat area, it will probably be moved by 
running water to lower elevations. Some may be moved by 





Photosynthesis is the process in 
which green plants, using the 
energy of sunlight, make food. 
In this process they take in 
carbon dioxide and water and 
give out oxygen. 
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wind or glacial ice or just by gravity. When sediment is 
finally dropped or deposited, it forms layers or beds (Figure 
2.16). Most sedimentary rocks now exposed on the continents 
were formed in shallow seas. We know this because they con- 
tain the fossilized remains of plants and animals that lived in 
the sea. Similar beds are being formed today on the conti- 
nental shelves (the edges of the continents covered by shallow 
water). Sedimentary rocks also form on the continents in lakes, 
along rivers, and at the foot of mountains. 

In some deposits of sediment, the particles of sediment are 
angular bits and pieces with sharp corners. They haven't 
changed much since mechanical weathering broke them out 
of solid rock. In other deposits, the corners of the particles 
have all been rounded off. This happens when the particles 
have been hitting and rubbing against each other and against 
rocky surfaces while being moved. Large particles round most 
easily; fine particles round much less easily. The smaller 
particles don’t hit each other hard enough to chip and round 
because they are so light. Pebbles and boulders, on the other 
hand, really wallop each other when they are being carried 
by waves or by a stream. Because sand is hard to round, 
what does sand with rounded grains tell about its history? 

In a layer of sediment, part of the volume is made up of 
empty space between grains (the particles of sediment). The 
amount of space and the size of the openings between the 
particles is determined by many things, including variation 
in size and shape of the particles and the amount of pressure 
caused by the overlying layers of sediment. In coarse sedi- 
ments without much variation in particle size and shape, 
water can flow between the particles quite easily. 


Sedimentary rock. At what point does a layer of sedi- 
ment become a sedimentary rock? For our purpose here, when 
sediment has been packed together enough so it’s no longer 
just a collection of loose particles, it can be called a sedimen- 
tary rock. Quartz or calcite in solution in the water between 
particles can be deposited on and between the particles, ce- 
menting them together. 

Like igneous rocks, sedimentary rocks can be identified 
by their texture and composition. A rock made mainly of clay 
or mud particles (less than EG millimeter in diameter) is 
called mudstone or shale (Figure 4.8). A rock made of silt 
particles legos to i: mm) is called siltstone. What is rock made 


Figure 4.8 Beds of mudstone 
(top layer) and sandstone (lighter 
layer beneath). 
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of sand Ga to 2 mm) called? Sandstone, of course. Isn’t geology 
logical? And finally, what is rock made of pebbles or boulders 
called? It’s called conglomerate (Figure 4.9). We can’t be 
logical all the time! 

Other sedimentary rocks are the result of precipitation 
(the separation of solid materials out of water) rather than 
the binding together of loose particles of other rocks and 
minerals. But they are also classified in the same way—by 
texture and composition. 


Check YOUR FACTS 

1. What is sediment? 

2. Where were most of the exposed sedimentary rocks formed? 
3. How are particles of sediment cemented together? 


4. Name three kinds of sedimentary rock. 


CLUES TO THE HISTORIES OF 
SEDIMENTARY ROCKS 


Have you ever picked up a piece of rock, say a piece of sand- 
stone, and wondered what its history was? Much history can 
be figured out from the minerals present and the size and 
shape of the particles. In the case of sedimentary rocks, the 
type of layering in the rock and various marks left in the 
layers by the ancient water currents are also very useful 
clues. 

Remember that “the present is the key to the past.” This 
is a very useful principle to geologists who study sedimentary 
rocks. Because sediment is formed, moved, and deposited by 
processes at the surface of Earth, geologists (and you, too) 
can see these things happen. We can learn about the history of 
a sedimentary rock by comparing it with modern sediment and 
with modern processes that can be more easily studied. 


Water currents. The speed of a current determines the 
size of sediment that it can carry. The faster the current, the 
bigger the particles it can carry. A slow river can carry only 
mud (clay and silt particles); a faster current can carry silt 
or even sand; a really fast current can carry pebbles, or at 
least bounce them along the bottom. Fast mountain streams 





Figure 4.9 Conglomerate. 
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can move even big boulders. When a strong current slows, it 
drops the biggest particles first and the smallest ones last. 
So the sizes of the particles in a sedimentary rock layer tell 
us quite a bit about the currents that deposited the layer. 


Cross-beds. Beds of sandstone commonly contain cross- 
beds (thinner beds at an angle) within the larger beds (Figure 
4.10). If the larger bed is horizontal, the cross-beds may be 
dipping at angles of 10 to 30 degrees to the horizontal. If you 
took a shovel and dug into a dry river bottom or into a modern 
beach or into a sand dune, you would probably find cross-beds 
there, too. Cross-beds can be used to tell the direction of the 
ancient current that deposited the layer. This helps to deter- 
mine the ancient geography of the area. 


Graded beds. Some beds have coarser grains near the 
bottom and smaller grains near the top. If there is a gradual 
decrease in grain size upward in the bed, the bed is said to 
be graded. 


Figure 4.10 Crossbeds in sand- 
stone. 





68 THE CHANGING CRUST 


Why should a bed be graded? There are several ways this 
could happen; one way is by means of a turbidity current. 
For example, when a thunderstorm hits a dry area, the stream 
beds are suddenly filled with torrents of very muddy water. 
This mixture of water with many particles of mud (and other 
sediment) is denser than ordinary water. When it flows into 
a lake or sea, it tends to stay together as one body, called a 
turbidity current, and it sinks to the bottom because it is 
denser than the surrounding water. (Pour some ink into clear 
water and you will see what a turbidity current looks like.) 
The current rushes along the bottom like a freight train 
(loaded with what?) until it reaches a flat area, where it 
slows down. What happens then? Which sediments settle first 
and which sediments settle last? Shouldn't this produce a 
graded bed? 

Many scientists think that turbidity currents are im- 
portant in the ocean. The turbidity currents start on the edge 
of the continental shelf (the shallow, relatively flat area just 
off the shore) and move rapidly down the continental slope 
(the steeper part sloping from the edge of the continental 
shelf down to the deep floor of the ocean). When they slow down 
at the base of the slope, they begin depositing graded beds. 
You'll look more closely into this in Chapter 10. In the follow- 
ing activity, you will make a graded bed. 





activity 4.3 Settling of sediments 
of various sizes 


In this activity you will study the different rates (speeds) at 
which sediments of different sizes settle. You need a heavy glass 
jug (preferably a big one, of several liters or of one gallon ca- 
pacity) with cap; a tall, graduated glass cylinder; a watch or 
clock; and enough sediment to fill the jug to about 5 centimeters 
and have several cupsful left over. The sediment should consist 
of equal parts of clay, silt, fine sand, coarse sand, and small 
pebbles. 

Add the sediment to the jug and fill the jug about 3 full of 
water. Cap the jug tightly and shake vigorously until all the 
sediment is moving. Set the jug down and observe the settling 
of particles. Also observe the boundaries between muddy 
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water, silty water, and sandy water, and the general behavior 
of the currents. 

About how long did it take for the nonclayey particles to 
settle? About how long did it take for the top centimeter of 
water to become semiclear (relatively clear of mud)? 

After 5 minutes, how much of the water is semiclear? What 
size material is still in suspension in the water after 5 minutes? 
Would you expect it to take minutes, hours, or days for all the 
sediment to settle? What effect would waves have on the set- 
tling of the particles? 

_ Formulate a general statement on the settling of particles 
in water, based on your observations. 


7O THE CHANGING CRUST 


Describe the sorting within the bed or layer of sediment. 
(“Sorting” refers to the fact that the sediments are not all 
mixed together but are separated, or sorted, by size.) 

Note that you produced this texture more or less by “dump- 
ing” into the bottle a sediment composed of different sizes 
(mud, silt, sand, pebbles). How might such a bed be produced 
in nature? (There are several ways.) 

Next, fill the graduated cylinder { full of water. Take about 
1 cup of the remaining sediment mixture and, aiming carefully 
from a point 10 to 20 centimeters above the cylinder, drop the 
mixture into the cylinder. Watch it settle. Describe the resulting 
bed of sediment after it has all settled. How might sediment be 
dropped into water in nature? 





activity 4.4 Sediments in lake and 
river water 


Go to a nearby lake or river and collect a bottle of water. 
Ideally, water should be collected from moving water near the 
shore of a lake or from the current of a river. Don’t stir up the 
bottom sediment when collecting the samples. (Moving water 
from a gutter or a ditch may be substituted for water from a 
stream.) 

Bring the water sample or samples back and let them stand 
quietly. How long did it take for all the sediment to settle and 
for the water to become clear? Is there any scum or pollution 
collected on top of the water? 

If possible, collect samples from a river right after a heavy 
rain and collect samples during a dry spell. (Or from a lake right 
after a storm or high winds and then during a still period.) 
Which samples had more sediment? Why? 

Pour off most of the water, evaporate the rest, and study 
the sediment under a microscope. What do you see? 





activity 4.5 How fast are sediments 
deposited? 


In this activity you will study data from a sequence of rocks in 
order to determine the rate of deposition of the sequence. 
(What do geologists mean by “sequence of rocks”’?) 
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On the west side of the Sacramento Valley in California, 
a 9000-meter-thick pile of alternating layers of sandstone and 
mudstone is exposed. (Figure 4.8 was taken at this location.) 
The layers were deposited in an ancient sea, but now they are 
high and dry and all steeply tilted to the east (Figure 4.11). 
By following stream valleys that cut across the rocks, you can 
study the layers without climbing a 9000-meter mountain! 

Many people might think that a pile of sedimentary rocks 
that thick must be the result of a great catastrophe in Earth’s 
past. Let’s figure out how rapidly or slowly this pile was laid 
down. If we know the age of the bottom and top layers, and if 
we know the total thickness, we should be able to figure out 
the rate of deposition. Right? 

The fossil sea shells in the rocks have been studied, and 
geologists know when they lived. Also the ages of some rocks 
have been figured out by radioactive dating methods. (We 
shall discuss dating methods in Chapter 9.) The lowest beds 
are about 130 million years old and the youngest are about 
80 million years old. A total of about 3000 meters out of the 9000 
meters are graded sandstones. The rest are mudstones. Figure 
out how much sediment was deposited per year, on the average, 
using 9000 meters as the total thickness. 

Now assume that each graded sandstone layer was de- 
posited very quickly by a turbidity current. Also assume that 
the mudstone resulted from the slow settling of mud out of the 
sea, which took much time. Couldn’t we then ignore the sand- 
stones in our figuring? If so, how much mud accumulated each 
year? How does this value for the rate of deposition compare 
with the value you obtained previously? 

Studies of the ocean floor off San Diego, California have 
shown that clay-silt sediment has been deposited there at the 
rate of 11 to 21 centimeters per 1000 years. How does this 
value compare with your values? 





Other structures as clues. Sedimentary rock layers 
that are even and very thin were probably deposited in quiet 
waters where waves and currents could not destroy them. 
Such beds could have been deposited in water too deep 
for waves to reach, or in a quiet, protected bay, pond, or 
lake. 

Another type of bed may be meters thick and have no 
cross-beds or graded beds or thin beds within it. Geologists 
call this type of bed a massive bed. The origin of such a bed 
is a problem. How did it form? Was sediment of the same size 








Loi 


Figure 4.11 This photograph 
shows part of the 9000-meter- 
thick pile of sandstone and mud- 
stone exposed on the west side 
of Sacramento Valley. 





continuously deposited over a long period of time? Or was 
a large amount of material suddenly dumped in? Although 
such beds show no structure when examined with the naked 
eye, some beds show cross-beds and other features when thin 
slices of the rock are examined with X rays. What does this 
suggest about the conditions under which such beds were 
formed? 

Some sedimentary rocks have ripple marks on their up- 
per surfaces (Figure 4.12) just like those made by waves and 
currents in shallow water. (In what other kind of environment 
might ripple marks form?) Other rocks have patterns that 
look like the mud cracks and curled-up mud chips that 
form in dried-up mud puddles (Figure 4.13). So when we see 
patterns like this in rock layers, what do they tell us? Ripple 
marks and mud cracks are just two more of the many sedi- 
mentary structures we use to understand sedimentary rocks. 


Minerals in sedimentary rocks. So far we have 
talked about the sizes and shapes of particles, the bedding, 
and the sedimentary structures of sedimentary rocks. We 
can also learn much about the history of a sedimentary rock 
from the minerals it contains. A certain accent will some- 
times tell us where a person is from—the Bronx, the deep 
South, New England, or Texas. Similarly, the minerals in a 
sedimentary rock will sometimes tell us where the rock 
came from. 

In conglomerates, it is quite simple to identify the larger 
particles. Once we know what their compositions are, we know 
the type of rock or rocks that were eroded to provide the 
particles in the conglomerate. Coarse sandstones can be 
studied with a good magnifying glass. However, most sand- 





Figure 4.12 (above left) Ripple 
marks can be seen very clearly on 
these sandstone beds. 


Figure 4.13 (above right) This 
modern mud puddle has dried up. 
What features, other than the 
geologist’s hammer, would be 
preserved if this mud were now 
covered by sand, buried deeply, 
and became hard? 
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stones, and all siltstones and mudstones, must be studied 
under a microscope if we want to find out their composition. 
Siltstones and mudstones generally contain small particles 
of quartz and feldspar, the two most abundant minerals, and 
clay minerals. The clays are, of course, mostly the result of 
weathering somewhere. It is difficult to say what kind of rock 
small pieces of quartz and feldspar came from, and the clays 
tell us more about climate than about the parent rock. There- 
fore rocks with this kind of composition are difficult to in- 
terpret. 


CRE Cia gO lw Raa A Giles 


1. What is the relationship between the speed of a current 
and the size of sediment the current can carry? 


2. How are cross-beds formed? 
3. Describe one way in which a turbidity current is produced. 
4. How might a thin, even bed be deposited? 


5. What can the mineral composition of a rock tell us about 
the rock’s history? 


SOME KINDS OF SEDIMENTARY ROCKS 


Sandstones. There are so many sedimentary rocks that 
we can’t study them all. So let’s start by studying three of 
the main kinds of sandstone: graywacke, arkose, and quartz 
sandstone. Some of the names may seem strange (some are), 
but they are useful when discussing the rocks and their 
history. 

Graywacke, also called “dirty sandstone,” is a dark 
gray or greenish rock that contains many of the common 
rock-forming minerals, less common minerals, small pieces 
of other rocks, and clay minerals. The grains are of all sizes 
and shapes and are not rounded (Figure 4.14). Would you say 
that waves and currents worked on the sediments much or 
little? If the sediments had been worked much, the grains 
would be better sorted and better rounded and many of the 
softer grains would have been destroyed. And what does the 
great variation in composition of the mineral and rock grains 
tell us about the relative importance of mechanical weathering 
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in the areas where the sediment came from? One geologist 
said that graywackes are like a city dump. You might even 
find a kitchen sink in them—especially in graywackes that 
are being deposited today! In many exposures of graywacke 
the beds are nicely graded. What does that tell us? 

A sandstone that contains mostly quartz and feldspar 
is arkose (Figure 4.15). The grains are usually quite angular 
and poorly sorted. Cross-bedding is common. Many arkoses 
appear to have been deposited by rivers at the foot of high 
areas or mountains. In many cases they can be traced back to 
areas where granitic rocks were exposed but not intensely 
weathered by chemical processes. 

The third major type of sandstone is quartz sandstone. 
Nearly all the particles are quartz, cemented by more quartz 
or by calcite (Figure 4.16). They are what we might call clean 
sandstones. The same geologist who compared graywackes 
to the city dump compared quartz sandstones to well-washed 
city streets. It is hard to say what rock the quartz grains 
in quartz sandstone came from. Most of the quartz grains 
are about the same size and are somewhat rounded. So, of all 
the sedimentary rocks, quartz sandstone has led the roughest 
life. The particles have been exposed to weathering one or 
more times, were beaten up in transportation, and were 
finally deposited in a body of water or in a lonely dune some- 
where. Many quartz sandstones give indications that these 
processes have been repeated time and time again. With this 
kind of treatment, no wonder the weaker particles have been 
broken up or weathered away. Gone are the micas, the feld- 
spars, the amphiboles, the pyroxenes, the olivines, and most 
other minerals and pieces of rock. Only the strongest and 
toughest particles have survived: the quartz particles. Quartz 
particles have certainly graduated from the School of Hard 
Knocks, with honors. Quartz is the stablest, both chemically 
and mechanically, of all the common minerals. 





Figure 4.14 (above left) Many 
different minerals can be seen in 
this sketch of a microscopic view 
of graywacke. Note that the min- 
eral grains are of different sizes 
and are not rounded. 


Figure 4.15 (above middle) 
Large grains of quartz and ortho- 
clase feldspar can be seen in this 
microscopic view of arkose. 


Figure 4.16 (above right) Note 
the rounded grains of quartz in 
this microscopic view of quartz 
sandstone. 
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What happens to ions? So far we have talked only 
about rocks made up of particles of other rocks. What happens 
to the ions that are set free during chemical weathering— 
the Ca**, the K*, the Na*, the Mg*t, and even some Si*+*+++? 
Some become part of clay structures, later to be used by plants. 
But most of these ions probably eventually get to the sea. What 
happens to them there? 

Through time, most of the sodium has just accumulated 
in the sea water. The sea now contains a lot of sodium, which 
combines with chlorine to make sea water salty. The same is 
true of the potassium and magnesium. But when an arm of 
the sea is somehow cut off from the rest of the sea, the water 
evaporates. Then the ions precipitate out of solution—that is, 
they come out of solution as solids and sink to the bottom. 
This has happened many times in the geologic past. Thick 
beds of sodium chloride have been deposited in Kansas, 
Michigan, Texas, and Louisiana. Deposits of calcium sulfate 
(CaSO,-2H,O), commonly known as gypsum, and salts of po- 
tassium and magnesium have also been formed in this way. 


Limestones. What about the large numbers of calcium 
ions that have reached the sea? Sea water contains surpris- 
ingly small numbers of these ions. So we are faced with the 
question, “Where did these ions go?” Give that some thought 
while we discuss limestones, which are made of the mineral 
calcite (CaCO,). 

Many limestones that were formed in an ocean contain 
large numbers of fossil shells, some whole and some in broken 
pieces (Figures 4.17 and 4.18). The shells are made of calcium 
carbonate. Marine animals that grow shells extract calcium 
carbonate from sea water to make their shells. When they 
die, their shells may accumulate to form a vast cemetery. The 
“bones” in this cemetery are buried in calcite particles de- 
rived either from broken shells or precipitated from sea water. 

Many limestones look much like the other sedimentary 
rocks we have described. Some are thinly bedded, some are 
cross-bedded, and some are massive. Some limestones are 
very fine-grained (made of very small particles). The famous 
White Cliffs of Dover, England (Figure 4.19) are a thick for- 
mation of fine-grained limestone and contain many micro- 
scopic fossil shells. Plants may have played an important part 
in the origin of some types of limestone. Algae and other small 
plants cause calcite to precipitate from sea water by using 





Figure 4.17 (above) Many fossil 
shells can be seen in this lime- 
stone. 


Figure 4.18 In this microscopic 
view of limestone, some grains 
are pieces of shells, and some 
grains are miscellaneous pieces 
of calcite. The rounded grain at 
the top is made of tiny calcite 
crystals stuck together; it prob- 
ably formed in shallow water, 
where wave action helped to 
round it. 








the carbon dioxide (CO,) in the water next to them. (The more 
CO, in the water, the more calcite that can be held in solution.) 
Therefore it appears that nearly all limestones owe their 
existence, at least in part, to living organisms. As further 
evidence of this, limestones are rare in the rock record before 
plants and animals became common on Earth. 

There are many kinds of sedimentary rocks that we 
haven’t mentioned. But only three kinds of sedimentary rock 
are really common. Mudstones or shales make up more than 
half of all sedimentary rocks. Sandstones make up about 30 
percent, and limestone about 20 percent. That doesn’t leave 
many percent for the other types, does it? Now you figure out 
why these three rocks are the big three. (You can answer the 
question correctly with one word!) 


CHECK ewe ~Ot RAR A Gales 
1. What are three major types of sandstone? 
2. How were thick beds of sodium chloride deposited? 


3. How is limestone formed? 


Figure 4.19 White Cliffs of 
Dover, England. Microscopic ani- 
mal shells are abundant in this 
fine-grained limestone. 
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EARTH’S SEDIMENTARY COVER 


We stated earlier that sedimentary rocks cover 3/4 of Earth’s 
land surface. This sedimentary cover is commonly only a few 
thousand meters thick, although in certain areas it is as 
much as 15,000 meters thick. (That’s 15 kilometers or 9 
miles!) Even so, it forms a very thin skin compared to the 
igneous and metamorphic rocks underneath. 


Grand Canyon. The Grand Canyon of the Colorado River 
in Arizona (Figure 2.16) is an excellent place to study the sedi- 
mentary cover. You can see almost two kilometers of sedimen- 
tary layers exposed in the canyon cut by the river. In very 
few places in the world can you find so thick a pile of sedi- 
mentary layers so beautifully and neatly exposed. And, to 
make things even better, the river has also cut down through 
quite a thickness of the metamorphic and igneous rocks that 
occur under the sedimentary cover. 

Many people have proposed to dam the Colorado River 
at various points near the Grand Canyon. (There are many 
dams on the Colorado River, but not right near the Grand 
Canyon.) The dams would collect water behind them to form 
large lakes. The lakes would have many uses. For example, 
people would be able to go boating, water-skiing, and fishing 
on them. This would bring in tourists and dollars. The water 
could be used for irrigation, and this would benefit the farmers. 
But perhaps most important of all, the dams would generate 
electricity, and this would bring in industry. (And jobs!) 
There is one hitch in this pretty picture, however. The dams 
cannot generate electricity forever, for all dams eventually 
silt up—that is, the lake behind the dams become filled with 
sediment. When that happens, a reservoir of mud will replace 
the lake behind the dam. And, of course, there will be no 
water to turn the turbines to generate electricity. 

There is much argument as to how long it takes a lake 
to silt up. People who like dams say it may take thousands 
of years. People who don’t like to see nature tampered with 
say that the lakes will silt up in a few hundred years at most, 
and probably much sooner in some cases. No one really knows 
the answer, because no one really knows enough about all 
the environmental factors involved. The study of the en- 
vironment is a new science. It has not advanced very far. 

Should the Grand Canyon be dammed? The oldest rocks 
exposed by the cutting action of the Colorado River are over 
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two billion years old. These rocks and the layers above them 
form a beautiful record of a part of Earth from two billion years 
ago, a record for scientists to study, now and in the future. 
Should mankind, for the purpose of obtaining electricity for a 
few hundred years, or even for a few thousand years, bury this 
priceless treasure of 2,000,000,000 years? What do you think? 


Lateral changes in sedimentary rocks. How far 
does an individual rock layer or bed extend? A kilometer? 
A hundred kilometers? The answer to both is “yes.” Some beds 
cover small areas; some cover large areas. The St. Peter 
sandstone, an old quartz sandstone that in most places is 
less than 60 meters thick, is found from Minnesota to Missouri 
and from Illinois to Oklahoma. It was formed in shallow water 
near the shore of a sea. The sea kept creeping up onto the land 
because the land was slowly sinking. The successive shore 
zones merged into each other, forming a continuous layer. 
So, we might say that the sand bed eventually covered the en- 
tire sea floor. But we would be partly wrong. At any given time 
sand was being deposited only near the shore. At the same 
time, but farther out to sea, mud was probably being deposited. 
And at places in the sea where no mud and sand were carried, 
limestone was being deposited. So if you had been there, 
you probably would have seen different types of sediment at 
different places on the sea floor (Figure 4.20). 

Figure 4.21 is a sediment map showing the distribution of 
modern sediment on the floor of the Pacific Ocean off the coast 
of Southern California. It shows that the type of sediment 
varies from place to place. What if all the sediment was buried 
and turned to hard rock? Wouldn’t a geologist of the future 
find different rocks at different places in the same layer? 
These changes in sediment type from place to place within a 
sedimentary unit are called sedimentary facies. Every 


Figure 4.20 At any given time, different kinds of sediments are being 
deposited at various distances from the shore. 






































SEDIMENTARY ROCKS 79 


LEGEND 


Gi LAND 


PT. VICENTE 



























































ae 118° 


Figure 4.21 This map shows the sediments on the ocean floor off the 
coast of Southern California. Where do you think the sand came from? 
(Look closely!) 


sedimentary rock layer, if it were well enough exposed so we 
could see it, would show such changes. Some would change 
in short distances, and others would change only over long 
distances. 

The failure of early geologists to recognize this concept 
led to many wrong ideas of Earth history. It was simpler for 
them, and for us today as well, to think in terms of a bed 
of one kind of sedimentary rock continuing on and on. This is 
called “pancake” or “layer cake” geology. Unfortunately, 
nature generally doesn’t make things that simple. Even a 
single layer changes from place to place. And the layers are 
commonly folded or broken, as you'll study in Chapter 7. 
Maybe nature prefers marble cakes? 


GEE Chea @ eI Rea ANGalesS 
1. How thick is Earth’s sedimentary cover? 


2. How old is the oldest rock exposed by the Colorado River 
in the Grand Canyon? 


3. What are sedimentary facies? 
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SEDIMENTARY MINERAL RESOURCES 


Iron. Many valuable ore deposits are formed in sedimentary 
rocks by sedimentary processes. Most of the major iron ore 
deposits of the world were deposited as iron-rich sediments. 
The exact origins of these layers is a bit of a puzzle. Did 
primitive microscopic organisms cause iron compounds to 
precipitate from sea water? Were the deposits formed from 
iron oxide particles washed in from weathered areas? Or 
were both processes involved? Most of these iron formations 
originally contained only about 25 percent iron. Later, waters 
moving through tiny cracks in the rocks dissolved out silica 
and oxidized the iron in the iron minerals, leaving the rock 
so rich in iron oxides that the iron percentage is 50 to 60 per- 
cent. Thus, nature concentrated the iron for us. Hematite, the 
main iron ore mineral in the Lake Superior region, provided 
the iron necessary for the industrial growth of the United 
States. About 4 billion tons of iron ore, most of it high grade, 
have been shipped from the Lake Superior region. (The region 
is connected to the Atlantic Ocean by the St. Lawrence Sea- 
way, between Canada and the United States.) But now most 
of the high-grade ore is gone. 

However, new methods make it profitable to mine the 
low-grade iron formation, a rock called taconite. Man has to 
concentrate the iron, since nature didn’t do a good enough 
job with the taconite. The taconite is ground into very small 
grains, and then the magnetic iron particles (the mineral 
magnetite) are separated by strong magnets. The magnetite 
particles are then formed into pellets. The binder or “glue” 
in the pellets is a certain kind of clay that forms from the 
weathering of volcanic ash in Montana and other western 
states. About 60 percent of the Lake Superior ore shipped each 
year is now taconite pellets. Many new iron mines in Canada 
are also mining taconite. 


Aluminum. Another major sedimentary ore is bauxite 
(Al,O,-nH,O), the mineral that yields aluminum. The only 
important bauxite deposits in North America are in Arkansas. 
Bauxite is formed by intense weathering of rocks in hot, wet 
regions. First clay (H, Al, Si, O) forms by normal weathering. 
If the waters have a low acidity, then the silicon (Si) is also 
dissolved away, leaving aluminum to combine with the oxygen 
and water. Thus, old bauxite deposits give us clues to the 
climates of long ago. 


THE 
HONEST 
MINER’S SONG 


Before 


(tune: Susannah) 


Like Argos of the ancient times, 
I'll leave this modern Greece; 

I'm going to California Mines, 
To find the golden fleece. 

For who would work from morn till night 
And live on hog and corn, 

When one can pick up here at sight 
Enough to buy a farm? 


Chorus 
Oh California! that’s the land for me. 
I'm going to California the gold dust for 
to see. 


There from the snowy mountain’s side 
Comes down the golden sand, 

And spreads a carpet far and wide 
O’er all the shining land; 

The rivers run on golden beds, 
O’er rocks of golden ore; 

The valleys six feet deep are said 
To hold a plenty more. 

(Chorus) 


Tll take my washbow] in my hand, 
And thither wind my way. 

To wash the gold from out the sand 
In California. 

And when I get my pocket full 
In that bright land of gold, 

I'll have a rich and happy time: 
Live merry till I’m old. 

(Chorus) 
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Gold. We know that running water sorts sediment accord- 
ing to size. It also sorts particles according to weight. A 
current may be strong enough to carry away the lighter par- 
ticles but not the heavier ones. Thus gold, which is about five 
times as heavy as quartz or feldspar, is concentrated in cer- 
tain places in stream beds. This gold is called placer gold. 

In 1848, Jim Marshall discovered placer gold at Captain 
Sutter’s sawmill on the American River in California. This 
started the Gold Rush. From all over the world men rushed 
to California. Those were the days of the Forty-Niners and 
Clementine, when bread cost one dollar a slice and butter 
for it cost another dollar. Nuggets weighing as much as 88.5 
kilograms (195 pounds) were found. One nugget was worth 
$73,710. A few struck it rich, but most just struck out. 

Most of the stream gravels were panned and sifted through 
more than once, inch by inch. But less than ten years after 
the rush started, it had died, with most of the prospectors 
moving east to the Comstock Lode in Nevada. 

Some years later, in an effort to find more gold in Cali- 
fornia, “miners” started using great jets of water to wash down 
thick layers of ancient stream deposits. The loosened sediment 
ended up ruining agricultural lands and navigation in the 
rivers. 

Still later, the gold-bearing gravels were traced up the 
streams on the west side of the Sierra Nevada to their source. 
In this way miners discovered the gold-bearing hydrothermal 
quartz veins of the Mother Lode. As late as 1941, more than 
175 mines were operating on the Mother Lode, but today only 
a few are still being worked. The total value of the placer 
gold and the lode gold removed thus far is more than 15 billion 
dollars. 





activity 4.6 Panning for gold 


In this activity you will pan for certain minerals the way 
the miner in Figure 4.22 is panning for gold. You will need a 
pie pan with sloping sides; sand (as light-colored as possible); 
and pyrite (FeS,) or galena (PbS) or both, crushed into sand- 
sized particles. (You should also have, for the next activity, a 
piece of quartz, a piece of pyrite, a piece of galena, and a piece 


THE 
HONEST 
MINER’S SONG 


After 


(tune: Irish Emigrant’s Lament) 


I'm sitting on a big quartz rock, 
Where the gold is said to grow; 
But I’m thinking of the merry flock, 
That I left long ago. 

My fare is hard, and so is my bed, 
My claim is giving out, 

I've worked until I’m almost dead, 
And soon I shall “peg” out. 


I’m thinking of better days, 
Before I left my home; 

Before my brain with gold was crazed, 
And I began to roam. 

Those were the days, no more are seen, 
When all the girls loved me; 

When I did dress in linen clean, 
They washed and cooked for me. 


But awful change is this to tell, 
I wash and cook myself; 

I never more shall cut a swell, 
But here must dig for pelf. 

I ne’er shall lie in clean white sheets, 
But in my blankets roll; 

And oh! the girls I thought so sweet, 
They think me but a fool. 


Figure 4.22 Panning for gold. 
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of feldspar—all approximately the same size, preferably 
2 cm X 2 cm X 2 cm.) If you happen to have a few pieces of gold 
lying around, you can, of course, do the real thing! 

Put about i cup of sand, about 3 teaspoon of crushed pyrite 
or galena, and enough water into the pie pan to fill it about 
4 to 4 full. Mix well. Swirl the material with a circular motion 
until the pyrite or galena gathers at the bottom of the tilted 
pan, under the sand. Slowly pour off the top sand. 





activity 4.7 Specific gravities of some 
minerals 


In this activity you will determine the specific gravities of quartz, 
pyrite, galena, and feldspar. The specific gravity of a substance 
is the density (mass per unit volume) of that substance com- 
pared to the density of pure water, which is exactly one gram 
per cubic centimeter. For example, the density of balsa (a kind 
of wood) is about 0.11 grams per cubic centimeter, the density 
of ebony (also a wood) is about 1.33 grams per cubic centimeter, 
and the density of mercury is about 13.5 grams per cubic centi- 
meter. Therefore the specific gravity of balsa is 0.11, the specific 
gravity of ebony is 1.33, and the specific gravity of mercury is 
13.5. The specific gravity of water is, of course, 1. 

Partly fill a large-diameter graduated cylinder with enough 
water to completely cover the piece of quartz. Fill it to some 
convenient mark on the cylinder, for example, 50 milliliters 
(a milliliter is the same as a cubic centimeter). Then immerse 
the quartz in the water and read the level of the water again. 
Now you can determine the volume of that particular piece of 
quartz. (How?) 

Next, weigh that piece of quartz (in grams). Now you can 
determine the density of quartz. (How?) What is its density? 
What is its specific gravity? 

Do the same with your specimens of pyrite, galena, and 
feldspar. Check your figures with those your teacher has. How 
close did you come? 

Which of the minerals used in the activity would be 
dropped first by a fast-moving current that suddenly slows 
down, assuming that all the mineral particles are the same 
size? Now can you explain how streams concentrate gold and 
some other minerals to form placer deposits? 
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Diamonds, other precious stones, and tin ore are also con- 
centrated in placers. Recall that earlier you learned that 


96 percent of the diamonds mined come from sediments eroded - 


from diamond pipes. Some of these diamonds occur in placer 
deposits. 


Coal, petroleum, and gas. Coal is a sedimentary rock 
derived from partially decayed plants. It formed in great 
swamps of the past where the incomplete decay of plants took 
place under water. Hydrogen and oxygen were released from 
the plant structure, leaving a bed rich in complex carbon 
compounds. Peat, a material full of undecayed plants, is the 
first step in the coal-making process. When peat is compressed 
beneath other rock layers, it becomes a higher grade coal. 
Coal has long been, and is still being, used as a fuel. However, 
Earth does not have an unlimited supply of coal; many 
thoughtful people feel that, rather than be burned, coal 
should be saved for the many valuable chemicals that can be 
extracted from it by advanced modern methods. Future genera- 
tions may look back in amazement at the fact that we burned 
such a precious resource. 

Petroleum and natural gas also originate from plant and 
animal remains. Various organic components of petroleum 
found in modern sediments give us the clues. Petroleum 
and natural gas probably formed in muds rich in organic 
materials and later migrated into the open spaces of sand- 
stones and limestones. If a porous bed is capped by nonporous 
rock such as mudstone or shale, through which the petroleum 
and gas cannot move, then the petroleum and gas will be held 
in the porous bed (Figure 4.24). If the bed forms some type of 
trap so the petroleum and gas move to a certain place, then 
a petroleum or gas field can result. The petroleum is located 
between the grains of sand or in the holes dissolved in lime- 
stone by ground water. Petroleum is often called “oil.” Many 
people probably think an “oil pool” is a big pool of petroleum 
in an underground cave. You now know that this just isn’t 
true. (Don’t you?) 

The upfold shown in Figure 4.23 is called an anticline. 
Porous beds in anticlines are often used by oil (petroleum) 
companies to store natural gas. Such storage provides much 
more space than hundreds or thousands of man-made tanks. 
It’s also much cheaper. 

There’s a story of a big company that pumped natural 
gas into an anticline for three years. In the meantime, a man 














Figure 4.23 This upfold in the 
rocks serves as anatural storage 
tank. The water, oil, and gas are 
between sand grains in a bed of 
sandstone. 
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with a small drilling rig drilled a “wildcat” hole into a small 
anticline a few kilometers away. He was hoping to find oil 
that other drillers had missed. And guess what? No oil. But 
he struck natural gas instead. For two years he pumped it out, 
and became quite wealthy. Then one day the big company 
decided to check how much gas they had put into their natural 
storage tank. You can guess what they didn’t find! A geologist 
had done sloppy work and hadn’t realized that the “tank” 
had some “leaks” in it. The natural trap wasn’t quite good 
enough. The gas had migrated into the other anticline through 
a bed of sandstone (Figure 4.24). While the company looked 
in vain for its gas, the geologist looked in vain for a new job. 

In the early days of oil prospecting, oil seeps (oil coming 
to the surface along cracks in rocks) were the main clue to the 
presence of oil beneath the surface. No one hired a geologist 
to look for oil. There was even a saying that “geology never 
filled a tank.” 





GAS IN $ OUT 


os 
ak 





Figure 4.24 What happened to 
the gas? 


Figure 4.25 The Drake well. 
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The first commercial oil well in the United States was at 
Titusville, in northwestern Pennsylvania. It was drilled, 
almost at random, in 1859 by Edwin Drake, an ex-railroad 
conductor and not a professional driller (Figure 4.26). Although 
the Drake well was drilled to a depth of only 45 meters, it 
produced 400 gallons of oil a day. (In contrast, modern wells 
have been drilled to depths of 9000 meters. One hole in Texas 
reached a depth of about 8000 meters and cost about $3,000,000 
to drill. And it was a “dry” hole—no oil or gas!) The Drake well 
started an oil boom. In the few months after Drake’s lucky 
strike, thousands of wells were drilled, more or less at-random. 
Some drillers grew rich but most didn’t. Distilleries were set 
up next to the wells to remove the valuable lamp oil for burn- 
ing in lamps. (Whale oil was already becoming scarce.) The 
natural gas was dumped as a useless by-product. Rural Penn- 
sylvania smelled of sulfur and gas. Fumes from the distilleries 
filled the air. Trees were cut down and drill holes were punched 
down everywhere. One man described the area as “an ante- 
room to hell.” Man certainly has long had the knack for spoil- 
ing his environment! 

Eventually geologists were needed to find oil-bearing 
traps. Later, geophysicists (scientists with extensive training 
in both geology and physics) learned to locate buried traps 
by setting off explosive charges in the ground and detecting 
the shock waves reflected off the buried beds. Today, both 
geologists and geophysicists are necessary for finding oil, 
as all the easy-to-find fields have been discovered. In the 
United States today, there are about 240 big oil fields and 
14,000 small ones. The big ones produce 3/4 of the country’s 
oil. At the present time many new fields are being opened up 
on the continental shelves of the ocean basins (Figure 4.26). 

Today petroleum is transported in large ocean-going 
tankers (ships). A wreck of one such tanker can coat many 
kilometers of seashore with oil. Drilling on the continental 
shelves must be done very carefully, as oil spills can occur 
there, too. 


Other sedimentary resources. Salt (NaCl) deposits 
are valuable and are found in several states. The rarer salts, 
such as potassium salts, are also very valuable. They are 
used for fertilizers and for other purposes. And gypsum 
(CaSO,:2H,O), also precipitated from sea water, is used for 
plaster and other kinds of building materials. It is one of the 
world’s oldest building materials. 





Figure 4.26 Offshore drilling 
platforms like this are becoming 
common. 
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Uranium ore is commonly found in sedimentary rocks 
where it has been deposited by waters seeping through the 
rocks. The waters originally dissolved the uranium out of 
igneous rocks and veins. 

Let us not forget the very ordinary but very valuable 
deposits of sand, gravel, limestone, and shale. All are used in 
cement, in road building, and in other construction. Crushed 
rock of various types is also used to provide bulk in concrete 
and for road material. 

We know that clay is a necessary ingredient of a good 
soil. It has other uses, too—for example, in ceramics, in 
bricks, and in paper. (Another relatively unpublicized use is 
in animal feeds.) 

And finally, although sedimentary processes don’t make 
water, they are directly related to our water resources. Just 
as some beds are reservoirs for oil and gas, many rock layers 
and much loose sediment provide the natural passageways 
and reservoirs for the movement, storage, and purification of 
ground water. Like soil, water is so valuable to us that its 
value cannot even be estimated. 


CHECK YOQUIR FACTS 
1. How did sedimentary processes concentrate iron? 
2. What mineral is aluminum obtained from? 


3. How does the density of gold compare with the SSE 
of most other minerals? 


4. What materials do coal, petroleum, and natural gas origi- 
nate from? 


5. What are some dangers involved in oil drilling and trans- 
porting? 


APPLYING WHAT YOU HAVE LEARNED 


1. We know that in a given layer of sediment or sedimentary 
rock there are lateral changes, as shown in Figure 4.22. Why 
are there such lateral changes? 


2. The “muddy rocks” (mudstone and shale), sandstone, and 
limestone together make up more than 99 percent of sedi- 
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mentary rocks. Why are these the big three? (Remember, we 
said this question can be answered in one word.) But now let’s 
get more specific. Why are mudstone and shale so common? 
Why is sandstone so common? Why is limestone so common? 


3. Name some very important results of weathering. (Think 
big!) 


4. Why do some minerals have greater specific gravities than 
other minerals? 


5. What features in sedimentary rock would indicate deposi- 
tion in shallow water? What features would indicate deposition 
in deep water? 


6. Salts in sea water make up about 3.5 percent of the weight 
of the sea water. Evaporation of sea water produces salt de- 
posits. This has occurred naturally in the past, and today man 
is purposely evaporating sea water in large, shallow ponds to 
obtain salt. (Salt starts precipitating when sea water is evapo- 
rated to about 1/10 of its original volume.) Evaporation of a 
layer of sea water 85 meters deep produces a layer of salt about 
one meter thick. Salt deposits that are 1000 meters thick occur 
in several places in the world. How much sea water evaporated 
to form such a thick pile of salt? How do you think this could 
happen? 


wey WORDS 


mechanical weathering (p. 57) massive bed (p. 71) 
chemical weathering (p. 57) ripple marks (p. 72) 


oxidation (p. 59) mud cracks (p. 72) 
humus (p. 62) graywacke (p. 73) 
topsoil (p. 63) arkose (p. 74) 

sediment (p. 64) quartz sandstone (p. 74) 
mudstone (p. 65) limestone (p. 75) 

shale (p. 65) sedimentary facies (p. 78) 
siltstone (p. 65) hematite (p. 80) 
sandstone (p. 66) taconite (p. 80) 
conglomerate (p. 66) magnetite (p. 80) 
cross-beds (p. 67) bauxite (p. 80) 

graded (p. 67) placer gold (p. 81) 


turbidity current (p. 68) specific gravities (p. 82) 





Figure 5.1 Gneiss, a metamor- 89 
phic rock, often has a banded 
appearance, as inthis sample. 


chapter 5 
Metamorphic Rocks 


“That beautiful butterfly was once a fuzzy caterpillar!” Do 
you remember how amazed you were as a small child, when 
someone first told you this? This change in form from cater- 
pillar to cocoon to butterfly is called metamorphosis, from the 
Greek meta (change) and morphe (form). Most rocks aren’t 
as pretty as butterflies (except in the eyes of geologists), 
but the changes that some metamorphic rocks have gone 
through are as spectacular as those of the butterfly! 

The rock cycle tells us that change is the name of the 
game. (Remember the rock cycle? Look back at Figure 2.17.) 
Minerals that find themselves in a new environment of dif- 
ferent pressures and temperatures and different kinds of solu- 
tions will change, or be metamorphosed. During metamor- 
phism, changes occur both in mineral composition and in 
texture. 
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METAMORPHIC PROCESSES 


Metamorphism happens beneath the surface, generally at 
depths of one to several kilometers. You may feel that weather- 
ing is a kind of metamorphism (after all, it causes a change in 
form), and that the cementing of a sandstone or the pressing 
of loose mud into a hard mudstone is also metamorphism. 
Strictly speaking, you are right. But geologists, by custom, 
restrict metamorphism to processes that occur at temperatures 
and pressures higher than those that normally occur at or near 
the surface of the Earth. Admittedly, the boundary between 
surface processes and metamorphism is fuzzier than the cater- 
pillar of page 89. And at high temperatures and pressures, the 
metamorphic processes merge with igneous processes as melt- 
ing of the rocks begins to take place. This is just one example 
of how difficult it is to put natural things and natural events 
into man-made pigeon-holes. 


Temperature and pressure. Earth's temperature in- 
creases with depth. In a deep hole drilled in Texas, a tempera- 
ture of 178°C was recorded at a depth of about 8 kilometers. 
What is the rate of temperature increase in the area where 
this hole was drilled? Studies of mines and drill holes have 
shown that on the average the temperature increases about 
1°C for every 30 meters of depth. Some parts of Earth’s crust 
are hotter than others, but generally everywhere it gets hotter 
with depth. 

Let’s assume for a moment that Earth’s temperature in- 
creases at the rate of 1°C per 30 meters all the way to the 
center of Earth. At this rate, what would the temperature be at 
the center, which is 6400 kilometers down? Recent studies seem 
to show that the temperature at the center of Earth is around 
4000°C or less. How does the figure you got compare with this 
figure? What can you conclude from this? The rate of 1°C per 
30 meters is determined by measuring the temperatures at 
relatively short distances into Earth. Does it surprise you 
that this rate does not seem to apply at great depths? Think 
about it. Are all rates of increase uniform (that is, stay the 
same) over great distances or over long periods of time? 

Isn’t the air pressure at sea level much more than it is 
on top of Mt. Everest, 8848 meters above sea level? This is 
because the column of air above the sea is nearly nine kilom- 
eters longer (higher) than the column of air above the moun- 
tain. So it weighs more. Similarly, the column of rock above 
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Figure 5.2 Regional 
phism (top and middle diagrams) 
occurs over large areas (note 


the scale). The top diagram 
shows a region of sedimentary 
rocks before metamorphism. The 
middle diagram shows the same 
region after regional metamor- 
phism has taken place and the 
metamorphic rocks at depth 
have been exposed by erosion 
(the wearing away of soil and 
rocks). Contact metamorphism 
(bottom diagram) occurs next 
to an igneous intrusion and ex- 
tends over a smaller area (note 
the scale). The intrusion and the 
metamorphosed zone have been 
exposed by erosion. 





a point deep below the surface of the Earth is long. The weight 
of this rock column causes high pressures. At a depth of 8 
kilometers, the pressure is about 2400 atmospheres. At a depth 
of 40 kilometers, the pressure is about 12,000 atmospheres. 
Besides this normal pressure due to the weight of over- 
lying rock, other even stronger pressures (and unusually high 
temperatures) have occurred from time to time and have se- 
verely bent and fractured the rocks. This occurs in regions of 
mountain building, where rocks are squeezed and folded and 
broken over hundreds or even thousands of square kilometers. 
Rocks in such an area are generally metamorphosed. Because 
the area involved is so large, this type of metamorphism is 
called regional metamorphism (Figure 5.2). Metamorphism 
also occurs next to intrusions of magma. The heat of the 
magma and solutions from the magma change the adjacent 
rocks. This is called contact metamorphism. Zones of con- 
tact metamorphism are generally narrow, but if the magma 
body is large, the zone around it can be a few kilometers wide. 
Is it any wonder, then, that rocks such as limestone and 
mudstone, which formed at the surface, change when they are 
deeply buried or come in contact with hot magma? But let’s 
not make the mistake of assuming that all metamorphism oc- 
curs at higher temperatures and at higher pressures than 
those at which the minerals formed. For example, biotite in 





Figure 5.3 This schist (a meta- 
morphic rock) contains garnets 
about 2 to 3 centimeters in di- 
ameter. The garnets formed in 
the rock during metamorphism. 
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igneous rocks crystallized out of hot magma. It can change to 
the mineral chlorite, a green mica, when exposed to tempera- 
tures of only a few hundred degrees. 

During metamorphism, the temperatures may reach 
about 600°C, not hot enough to melt the rocks. (If they did 
melt, would we still be speaking about metamorphic rocks?) 
But the ions do move around in solid rock, especially when 
water is present to make their travels easier. Sometimes the 
ions present in the original rock simply rearrange them- 
selves into new minerals. In other cases, ions are either added 
to the rock or taken away from the rock, usually with the aid 
of water. 


Metamorphic minerals. Many minerals are found only 
in metamorphic rocks. Among them are asbestos, talc, stauro- 
lite, and kyanite. And some, such as garnet (Figure 5.3) are 
usually in metamorphic rocks. But the most important min- 
erals in metamorphic rocks are the same common igneous 
rock-forming minerals you have already learned about. 


Clues to metamorphic history. About the turn of 
the century, geologists were realizing that minerals provide 
clues to the investigation of metamorphism. These geologists 
were the detectives in a hard-to-solve detective story. For 
example, in Scotland unmetamorphosed shaley rocks were 
traced through a series of gradual changes into highly meta- 
morphosed rocks. Presumably these changes were due to 
progressively higher temperatures (and perhaps pressures) 
that occurred across the area during metamorphism. New 
minerals appeared in the metamorphosed shales and old ones 
disappeared. Shales, as you know, are made of clay minerals. 
In the slightly metamorphosed shales, chlorite appeared; and 
toward the more metamorphosed part of the area, biotite, 
staurolite, garnet, kyanite, and sillimanite appeared in that 
order. Studies elsewhere in the world showed that this se- 
quence was common in other metamorphosed shales. How 
could this case be interpreted? 

You already know that a given mineral is stable only 
under certain conditions of temperature and pressure. At other 
temperatures and pressures, the mineral will change to new 
minerals that are “happier” under the new conditions of the 
new environment. Sometimes an old mineral will be caught 
in the act of changing to a new mineral, so grains may be found 
that are partly one mineral and partly another mineral 





Figure 5.4 A mineral grain can 
be seen in the middle of this 
microscopic view of a metamor- 
phic rock. The minerals that 
appear black and grey were 
formed during metamorphism 
from the mineral that appears 
purple. 
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(Figure 5.4). Such observations give geologists clues and 
ideas for laboratory experiments. 

Geologists sometimes put various chemical compounds, 
minerals, or rocks into special containers in which the tem- 
perature and pressure can be controlled and varied. Then, by 
comparing their results with the observations made on rocks 
in the field, they may be able to solve the case. That is, they 
are able to figure out the temperature and pressure conditions 
of metamorphism. But, as we said in Chapter 3, geologists are 
always faced with that big bugaboo: They cannot reproduce 
the time spans of nature. For example, they may have run a 
laboratory experiment over a period of a month. Let’s assume 
nothing happened. But would the old mineral have changed 
to a new mineral if the experiment had been continued for a 
million years? Maybe yes, maybe no. Change can take much 
time. 


Textural changes. Thus far we have discussed only 
changes in mineralogy. Metamorphic rocks, like igneous and 
sedimentary rocks, commonly have distinctive textures, too. 
The minerals are commonly arranged so that they are parallel 
to one another and occur in layers or bands. This happens 
because the pressures are usually stronger in certain di- 
rections. These rocks are said to be foliated. New minerals 
that are long and narrow, or flat, grow so that their long di- 
rections are perpendicular to the strongest pressure (Figure 
5:5). Similarly, existing minerals recrystallize or change 
positions so they are also in a stable physical position. Even 
pebbles in conglomerates recrystallize (Figure 5.6). In both the 








Figure 5.5 A sheet of paper, if 
pushed together from the ends, 
crumples up. But if pressure 


is applied from the sides of 
the sheet of paper, it doesn’t 
crumple. The position is stable. 
Flat minerals such as mica grow 
in the stable position, at right 
angles to the pressure. 





Figure 5.6 This conglomerate 
has been deformed by high 
temperatures and pressures. 
Most of the pebbles have 
recrystallized or have been 
“stretched,” but the rounded 
granite pebbles have survived 
pretty well. Notice the layering or 
foliation through the rock. 
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growth of new minerals and in the recrystallization of old 
minerals, it is a matter of the ions choosing positions on the 
crystal structures where the pressure is the lowest. 

If the metamorphosed rock was originally layered, the 
layering might be preserved after metamorphism. But layer- 
ing can also develop in rocks that were originally massive, 
and it can even develop across the original layers. For example, 
in a thick bed of mudstone, the clay minerals will change to 
micas that are all parallel to each other. Slate is the result 
(Figure 5.7). Or a granite with no banding can become banded. 
However, if pressures are not stronger in one direction, the 
metamorphic rock will not be banded and the metamorphic 
minerals will not be parallel to each other. Figure 5.8 shows 
some microscopic views of metamorphic rocks and the original 
rocks that were metamorphosed. 

Granitization. “Not all granites are igneous rocks!” 
some geologists say. And maybe you say: “But a coarse-grained 
igneous rock must have cooled from a magma!” 

But careful mapping of some granites has shown that 
some sedimentary or volcanic rocks around the granites can 





MUDSTONE 


Figure 5.7 Metamorphism of 
mudstone to slate to schist 
is shown from left to right. The 
clayey mudstone beds are folded 
by pressure and metamorphosed 
to slate. In the slate, microscopic 
flakes of mica (light colored, 
visible in the microscopic view) 
have grown at right angles to the 
direction of pressure. The slate 
breaks into pieces parallel to 
the mica flakes, across the original 
beds. (The dark vertical band 
in the slate drawing represents 
pieces of slate.) In schist, in- 
creased temperatures and pres- 
sures have caused the mica 
flakes, as well as grains of other 
minerals, to grow so large that 
they can be seen without a micro- 
scope. 
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Figure 5.8 These microscopic. _ 
views show some rocks before — 
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Figure 5.9 Granitization? Some Figure 5.10 Magmatism? The 
layers of country rock can be boundary between the country 
traced into’ granite, without rock and the granite is sharp. 
sharp boundaries. Note the inclusions. 


be traced right into the granites. They become less and less 
distinct (Figure 5.9). Such evidence is hard to explain in any 
way other than to say that the country rock (the original rock) 
was changed to granite by solutions moving through the rock. 
This process is called granitization. This does not mean that 
the rock was melted. The fuzzy boundaries between the 
granites and the country rocks support this idea. And it gets 
rid of the “room problem” that geologists have a hard time 
solving: That is, where is the rock that used to be where the 
granite now is? Can magma push the country rocks apart and 
make room for itself? Or must it “eat up” the country rock? 

Some granites have sharp contacts with other rocks, and 
are finer-grained near the edges, showing that they cooled 
more quickly there. These granites commonly contain pieces 
or inclusions of the country rock in various positions, indi- 
cating that they were moved about before the granite crystal- 
lized (Figure 5.10). These granites surely formed from magmas. 
And if the temperatures of metamorphism become too high, 
partial or total melting of the rocks will occur. 


CCK NOU Rei AGaiEsS 


1. At what rate does temperature increase with depth in 
Earth’s crust? 


2. What are the most important metamorphic minerals? 


3. What is a typical arrangement of the mineral grains in 
metamorphic rocks? 


4. Have all granites crystallized from magmas? 
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METAMORPHIC MINERAL RESOURCES 


Metals and minerals. Some mineral deposits were 
formed only by metamorphic processes. Asbestos, used as a 
fireproof material, is always a metamorphic mineral (Figure 
5.11). It forms from the metamorphism of igneous rocks very 
rich in iron and magnesium. Talc, used in talcum powder, 
forms from the metamorphism of magnesium-rich sedimentary 
and igneous rocks. Large garnets, used for abrasives, also have 
a metamorphic origin. 

During metamorphism, high temperatures and pressures 
and hot waters commonly cause valuable metallic ions to move 
around. A pile of volcanic rocks, for example, may contain only 
traces of copper, lead, zinc, and silver. But these ions may be- 
come very active under metamorphic conditions. They may 
move to spots of lesser pressures and be concentrated there in 
sufficient quantities to form valuable ore deposits. (Many of 
the metal mines of Canada may have had such a history.) 





Figure 5.11 Suits made out of 
asbestos protect these fire fight- 
ers. 


98 THE CHANGING CRUST 


For this reason, areas of metamorphosed volcanic rocks are 
prospected very thoroughly. The ore deposits, however, may 
look much like those that many geologists think may have 
been deposited from the last solutions of a magma. Even 
though the origin of an ore deposit is often in doubt, geologists 
at least try to figure it out so they can use the evidence they 
have collected to help them find other, similar deposits. You 
don’t have to completely understand something to get some 
good out of it! 


Anthracite. A desirable kind of coal is called anthracite. 
It results from the metamorphism of lower-grade coal. Much 
of the moisture and gases have been driven off, leaving a coal 
richer in carbon. Intense metamorphism drives out all the 
gases, leaving the mineral graphite, which will not burn, 
but is valuable as a dry lubricant because it breaks into flat, 
slippery flakes. The “lead” in your pencil is graphite mixed 
with clay, not the element lead. And you have already read 
about the artificial metamorphism of graphite to produce 
diamonds. 


Building Stones. Marble, which is metamorphosed lime- 
stone, is much used as a building stone. The best grades are 
also used for sculpturing; the softness of calcite makes it easy 
to work with. Slate, which is metamorphosed shale or mud- 
stone, used to be quarried for blackboards, but now black- 
boards are made of artificial materials. Most slate is now 
used for stones for roofs. It comes naturally in different colors 
—gray, blue-black, red, green, and purple. 


ClleCix YOUR FACTS 
1. What are some important metamorphic mineral resources? 
2. How do metamorphic processes concentrate metals? 


3. How is anthracite formed? 


APPLEYING WHAT YOUSHAV BIBEAR IN Eis 


1. Geologists think that many metamorphic rocks formed at 
depth under high temperatures and high pressures. How can 
they tell, since they obviously can’t get down there to see what 
happens under these conditions? 
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2. In Chapter 2 you learned that cleavage in minerals is the 
result of the internal arrangement of the ions. In mica, the 
ions are arranged in sheets, and because of this, micas have 
an excellent cleavage. The same word, cleavage, is used to 
describe the manner in which slate breaks into flat pieces 
(see Figure 5.7.). Is this “slatey cleavage” also due to the 
internal arrangements of ions in the slate? 


3. How could the presence or absence of contact metamor- 
phism next to layers of igneous rock interbedded with sedi- 
mentary rocks help tell whether the igneous rock was once a 
lava flow on the surface or a layer of intrusive rock formed by 
magma squeezing in between the layers of sedimentary rock? 


4. Near some small intrusions, there is little evidence of con- 
tact metamorphism. What conditions at the time of intrusion 
might be responsible for this? 


KeyaWOR DS 


metamorphism (p. 89) granitization (p. 96) 
regional metamorphism (p. 91) anthracite (p. 98) 
contact metamorphism (p.91) marble (p. 98) 
foliated (p. 93) slate (p. 98) 





Figure 6.1 Kilauea volcano, on 101 
the island of Hawaii, is shown 
during an eruption. 


chapter 6 


Volcanoes, Earthquakes, 
and Earth’s Interior 


Our old Earth may seem to be quiet, stable, and well adjusted. 
But it isn’t. Often it blows up and lets off steam through vol- 
canoes, and many times a day its inner tensions cause earth- 
quakes somewhere on its surface. But most of us don’t see vol- 
canoes or feel earthquakes. That’s because most of us don’t 
live in areas where Earth’s crust is weak; those are the areas 
where volcanoes and earthquakes occur most often. 
Tremendous amounts of energy are released by volcanoes 
and earthquakes. A volcano on the island of Krakatoa in the 
East Indies exploded in 1883. The explosion was heard 5000 
kilometers away. An earthquake in Missouri in 1811 was felt 
over an area of 25 million square kilometers. The vibrations 
even rang bells in Boston, more than 1600 kilometers away. 
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VOLCANOES 


Volcanoes are probably the most spectacular of nature’s ac- 
tivities. Man has long feared death and destruction by vol- 
canoes. To try to make living a little safer, the Romans 
worshipped the volcano god, Vulcan. Yet some of the most 
populated areas on Earth are in areas of active volcanism. 
Why doesn’t man just move away? One reason is that volcanic 
material in many of these areas is quickly weathered to a rich 
soil. So Vulcan can’t be all bad, can he? 


Paricutin. One day in 1943, a Mexican farmer was tilling 
his cornfield with his wife. Bad-smelling steam started rising 
out of a small hole in the field. He kicked rocks into the hole, 
as he had done many times in the past year. Then he kicked 
in some dirt and stamped it down. But the hole wouldn't stay 
shut. It got bigger and bigger. More and more steam was com- 
ing out and the earth was starting to rumble. Finally the 
farmer became alarmed. But he kept his wits about him. He 
left his wife to watch the hole and he ran into town for help. 
(After he took off, so did she). 

By the next day there was a hill of cinders ten meters 
high. A new volcano had been born. The people named it 
Paricutin, after the nearby town. But the new baby wasn’t 
loved. Everyone, except geologists, hated it. Geologists flocked 
to witness the birth of Paricutin. It became a terrific field 
laboratory for volcanologists. And the baby grew. In five days 





Figure 6.2 San Juan was buried 
by basalt flows from Paricutin, 


which can be seen 


tance. 


in the dis- 





it was 100 meters tall. Day and night it threw out red-hot 
hunks of material. In a year it was 430 meters high. Eventu- 
ally basalt flows poured out of cracks near the base of this 
cone-shaped volcano and covered the town of San Juan (Figure 
6.2). By the time Paricutin was six years old, it was over 600 
meters high. Not until nine years after its birth did it become 
quiet. Paricutin is probably dead now, but we can’t be abso- 
lutely sure. 


Mt. Pelée. On the island of Martinique, in the West In- 
dies of the Caribbean, a different kind of event occurred in 
1902. On April 23, after 50 years of no activity, Mt. Pelée, 
the island’s volcano, began to erupt. Animals sensed the 
danger and left the mountain. Birds stopped singing on its 
1350-meter-high slopes. Ash and fumes from the volcano gave 
many of the people on the island sore throats and sore eyes. 
People started to worry. Schools closed. On May 5, muddy ash 
rushed down the slope and covered a sugar mill. Only the 
smoke stack could be seen. Forty men were buried alive. 

Mt. Pelée is eight kilometers from the seaside city of St. 
Pierre, which was “the Paris of the West Indies,” the pride of 
Martinique. When Mt. Pelée started to act up, three hundred 
people left St. Pierre each day, but each day a thousand 
frightened farmers flocked in from the countryside. 

On May 7, another eruption. Some said the city should 
be evacuated, but May 10 was election day. The local news- 
paper tried to calm the peoples’ fears and urged them to stay 
and vote. 


Figure 6.3 A “fiery cloud” roars 
down Mt. Pelée. 
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A ship captain who had seen the volcano Mt. Vesuvius in 
action in Italy was loading his ship with sugar at St. Pierre. 
He left, even though his ship was only half loaded. 

At 7:59 on the bright morning of May 8, in a blinding 
flash, the top of Mt. Pelée vanished! A great “fiery cloud” of 
red-hot volcanic ash and gas roared down the mountain at 
a terrific speed (Figure 6.3). At 8:02, the city clock stopped 
forever. The city burned. Burning rum from exploded rum 
barrels poured down the streets into the harbor and set ships 
on fire. And in those three minutes, the fiery oxygen-poor 
cloud did in the entire population of 30,000 people . . . well, 
almost the entire population. Two persons lived. One was a 
shoemaker who miraculously lived although people all around 
him died. The other was a man in jail for murder. His under- 
ground cell, with only a small window, saved his life. (He 
was found four days later, burned and barely alive. Doesn’t 
it seem only right that he was pardoned and made a free man?) 
A real happening happened at St. Pierre that day! 


Figure 6.4 Crater Lake. 
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Crater Lake. Crater Lake, Oregon (Figure 6.4) has also 
had a spectacular history. It was once a nice symmetrical 
volcano, but now it is a deep, broad crater. By projecting 
imaginary lines from the walls of the crater upward to a peak, 
the original size of the volcano can be determined. There is 
little doubt that it was once 3500 to 4500 meters high. Today 
the lake is 1850 meters above sea level. What gives? Or, what 
gave? 

This missing ancient volcano has been named Mt. Maz- 
ama. At first, geologists thought that Mt. Mazama had blown 
its top off, like Mt. Pelée. This idea was supported by the find- 
ing of small broken pieces of volcanic rock for miles around 
the volcano. But closer study of the pieces showed that most 
were glassy ash and cinders. These must have been blown 
from the volcano during normal eruptions. There just weren’t 
nearly enough pieces of actual volcanic rock with which to 
“reconstruct” the original large volcano. So geologists con- 
cluded that Mt. Mazama didn’t blow apart. Instead, it must 
have collapsed back into its own magma chamber. Wouldn’t 
the chamber have been partly empty after all the explosive 
volcanism? 

The dating of trees killed by the last ash fall at Crater 
Lake indicates that the violent end of Mt. Mazama occurred 
about 6600 years ago. Perhaps some Indians saw it happen? 
Wizard Island, the small island cone in the large crater, is 
obviously much younger. 

Mt. Mazama was one of many volcanic peaks in the Cas- 
cade Range (Figure 6.5). (The other volcanoes did not collapse.) 
They are found along a zone 800 kilometers long and 80 kilom- 
eters wide, about 150 kilometers inland from the Pacific Coast. 
There are hundreds of small volcanoes, but we only hear about 
the big ones. Nine of the peaks are over 3000 meters high. The 
Cascades are especially interesting because, geologically 
speaking, they are very young. Erosion has hardly changed 
the nice symmetrical cones. The most recent volcanism in 
the continental United States was in this zone. Mt. Shasta 
erupted ash in 1786. Not to be outdone, Mt. St. Helens erupted 
several times between 1831 and 1854. Mt. Baker was active 
about the same time. Mt. Lassen laughed last, erupting in 
1914 to 1917; in one year it erupted more than 100 times. 
Mt. Rainier still steams a little in its snowy crater, an exciting 
sight for the many tourists who climb up it. (Do you think 
they are done erupting, or just “resting”? No one knows, but 
if they blow, we'll surely know!) 
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Figure 6.5 The Cascade Range. 
Elevations of the peaks are 
given in meters, then in feet. 
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Figure 6.6 Ship Rock, 


serena aweite 
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Figure 6.7 Part of the Figure 6.8 The volcanoes that 
Hawaiian Islands chain. form Hawaii Island rise from 
water 5000 meters deep. 











The ash deposits around many of these cones, including 
Crater Lake, include some ash deposited by “fiery clouds.” 
Mt. Pelée isn’t alone. 


Ship Rock. Mt. Mazama disappeared quickly and vio- 
lently. Other volcanoes have faded away slowly. Ship Rock, 
in the Navajo Reservation of northwestern Mexico, is the re- 
mains of lava that plugged the throat of an ancient volcano 
(Figure 6.6). Erosion by running water and wind over a long 
period of time has removed the softer ash that made up most 
of the volcano. Only the harder parts remain. 


Hawaii. A group of volcanic peaks sticks out of the Pacific 
Ocean, forming a chain of islands 2500 kilometers long. These 
are the Hawaiian Islands (Figure 6.7), and the largest of them 
is Hawaii. Hawaii is really five volcanoes (Figure 6.8) grown 
together. At least two of the volcanoes are still active. 

Mauna Loa, one of the five volcanoes on Hawaii, is nearly 
150 kilometers across. Its top is about 4264 meters above sea 
level. The sea around the island is about 5000 meters deep. 
Thus, Mauna Loa rises more than 9200 meters above the sea 
floor and is a higher mountain than Mt. Everest! But Mt. 
Everest, at 8848 meters above sea level, is still the highest 
mountain on land. 

The Hawaiian volcanoes are made of basalt. The eruptions 
of basaltic lava are quiet, compared to the other volcanic 
activities we have studied. However, blobs of red-hot liquid 
basalt are often thrown over 100 meters into the air, creating 
spectacular fireworks at night. Hawaii is the site of one of the 
world’s best centers for the study of volcanoes. 
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Types of volcanoes. There are three main types of vol- 
canoes. Most small volcanoes are made up nearly entirely of 
pyroclastic (fire-broken) particles thrown out of vents. 
These volcanoes are called cinder cones because the glassy, 
rapidly-cooled particles look like cinders and ash. Cinder cones 
are the smallest and most abundant kind of volcano (Figure 
6.9). The main cone of Paricutin is a fine example of a cinder 
cone. 

The large symmetrical cones that you probably think of 
when you hear the word “volcano” are composite cones (Fig- 
ure 6.10). They are made up of alternating pyroclastic layers 





and lava flows. The lava is somewhat sticky and does not flow 
very far. The most spectacular volcanic cones in the world are 
composite cones. Mt. Mazama was a composite cone, as are 
the peaks in the Cascades. 

Shield volcanoes are broad, low volcanoes with no im- 
pressive cones at all. They resemble round, flat shields lying 
on the ground (Figure 6.11). They are made of basaltic lava 
flows that were very hot and “runny.” The lava quickly flows 
away from the craters and doesn’t build steep cones. These 
volcanoes are relatively quiet compared to the other types, but 
they are the largest volcanoes. The Hawaiian volcanoes are 
shield volcanoes. 





Figure 6.9 Cinder cones are 
made of pyroclastic particles. 





Figure 6.10 Composite cones 
are made of pyroclastic layers 
and lava flows. The photograph 
shows Mt. Fuji, a composite cone 
in Japan. 
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Where are volcanoes? At last count, there were about f LAVA FLOWS 
500 active volcanoes in the world. An active volcano is one 
that has acted up within the last 50 years or so. Some volcanoes 
haven’t erupted in that time, but are probably just sleeping. 
They are called dormant volcanoes. Extinct volcanoes are 
volcanoes that haven’t erupted, as well as man can tell, in 
recorded history. But extinct volcanoes may just be very sound 
sleepers. They might wake up any time. 

In the geologic past, volcanoes existed in many parts of 
the world, but the active ones today are concentrated in two 
main belts (Figure 6.12). One, called the “Ring of Fire,” 
circles the Pacific Ocean. The other runs east and west from 
the Atlantic Ocean through the Mediterranean Sea and across 
Asia. 

Most of the remaining volcanoes are in the ocean basins; 
many of these are on elevated zones called ridges. The Mid- 
Atlantic Ridge, which runs right through Iceland, is particu- 
larly active. A volcano appeared on the Mid-Atlantic Ridge 


Figure 6.11 Shield volcanoes 
are made of basaltic lava flows. 


Figure 6.12 Active volcanoes (colored dots) are found today in aring 

around the Pacific, in a belt that runs through the Mediterranean 

Sea (left) and Asia, and in the oceans. 
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near Iceland in 1963. From a depth of 120 meters, it rose 
above the surface in a spectacular display. The island was 
named Surtsey (Figure 6.13) after the giant Surtur, who in 
Norse mythology fought another god with fire just before the 
world ended. 


Basalt floods. In the Columbia River area of the north- 
western United States, there is a thick pile of basaltic lava 
flows (Figure 6.14). Most of the individual flows are 3 to 5 
meters thick, but in many places they total more than 1500 
meters, and at some places they are more than 4 kilometers 
thick. They cover more than 550,000 square kilometers (Fig- 
ure 6.15). The total volume of volcanic rock in this area has 
been estimated at 400,000 cubic kilometers. Surely this must 
have been one of the greatest outpourings of lava that has ever 
occurred in the world. Geologists figure it happened 10 to 25 
million years ago. 


Figure 6.13 Surtsey (shown 
in the back) rose explosively 
from the Atlantic in 1963. The 
island shown in front rose later, 
but has since been completely 
worn away by wave action. 





There is a similar but much older pile in India. Still an- 
other thick volcanic pile exists in the North Atlantic; remains 
of it can be found in Ireland, Scotland, Greenland, and Iceland. 
And on the shores of Lake Superior there are remains of a 
billion-year-old volcanic pile. Could such great piles of hard- 
ened lava flows come out of single volcanoes? That doesn’t 
seem possible, does it? 

If we apply the principle of “the present is the key to the 
past” once again, we can see how it happened. In 1783 at Laki, 
Iceland, a flood of basalt poured out of a 32-kilometer-long 
crack in the earth and covered an area of 560 square kilom- 
eters. Twenty percent of Iceland’s population of 50,000 people 
and much of the livestock were killed. 

It appears that the ancient thick piles of basalts were 
formed in the same way. The lava must have poured out of 
great systems of cracks in order to cover such big areas. And 
doesn’t it seem that the lava must have been very runny? 
Some flows on the Columbia Plateau can be traced for more 
than 150 kilometers. Basalt floods is a good name for this 
type of volcanic activity, don’t you think? 

Yellowstone National Park is located on a rhyolite plateau 
that is about the same age as the Columbia Plateau. Probably 





Figure 6.14 How many lava 
flows can you see in this cliff? 


Figure 6.15 Areas covered by 
lava flows are shown in color. 
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the most interesting features in the park are the hot springs 
and geysers (Figure 6.16). It has a complex volcanic history. 
Rainwater and water from melting snow flows down cracks 
in the volcanic rocks. The water gets heated by hot rock at 
depth. The steam that forms drives the hot water upward, 
causing a kind of an eruption. In Yellowstone, there are 200 
geysers and 3000 hot springs. There must be a lot of plumbing 
down there someplace. 


Figure 6.16 Old Faithful geyser in Yellowstone National Park 
“erupts” about once every hour for about five minutes. Each time 
it throws out about 40,000 liters of water. 
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Figure 6.17 Various igneous rock bodies are shown in color. 


Plutonic rock bodies. As you learned in Chapter 3, 
much magma never reaches the surface. It cools slowly, as 
the rocks around the magma keep the heat in. These coarse- 
grained bodies of rock come in many different sizes and shapes 
(Figure 6.17). The largest intrusions are batholiths, which 
generally form in the cores of mountain ranges. The Sierra 
Nevada batholith in California is more than 600 kilometers 
long and as much as 100 kilometers wide. Dikes and sills are 
smaller offshoots. If these bodies of plutonic rock formed 
underground, how can we see them today? (As you undoubt- 
edly just said to yourself, they must have been exposed by 
erosion. ) 


Gipe hay OUR ea ACasS 


1. What happened to the volcano that was located at Crater 
Lake? 


2. What are the three types of volcanoes and how do they 
differ from one another? 


3. In what general regions are most of the active volcanoes 
of the world located? 
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EARTHQUAKES 


Tremendous amounts of energy are involved in big earth- 
quakes. If an earthquake occurs in a populated area, the death 
and destruction can be terrible. The 1906 earthquake in San 
Francisco killed 700 people. Many died in the fires that started 
due to breaks in gas lines (broken water lines didn’t help, 
either). In Corinth, Greece, in 856 a.p., 45,000 people were 
killed. In western China, 100,000 were killed in 1920 and 
again (different people) in 1927. In 1923 in the Tokyo-Yoko- 
hama area of Japan, 142,809 were killed or missing and 
103,733 were injured. It’s quite likely, nearly certain, that 
during your lifetime a big earthquake will hit a heavily popu- 
lated area in the world. Our Earth can be really wicked! 


Alaskan “Good Friday” earthquake. The Good Fri- 
day 1964 earthquake in Alaska was one of the largest earth- 
quakes ever recorded. It released energy about equal to the 
energy released in exploding 315 million tons of TNT. Tops 
of trees were snapped off near the earthquake center and land 
was raised and lowered a meter or so over 140,000 square kilo- 
meters. Half of Alaska shook quite noticeably. Swimming pools 
sloshed in Texas. The entire Earth vibrated slightly. 

Fortunately, not many people live in Alaska. Only 114 
people were killed; however, some people were even drowned 
in northern California, more than 2700 kilometers away, by 
a big sea wave caused by the earthquake. 

Damage by this earthquake totaled $750,000,000. Most 
of the damage was due to landslides triggered by the earth- 
quake (Figure 6.18). Geologists of the United States Geological 
Survey could have said, “We told you so.” Five years earlier 
they warned people not to build on the clay slopes of An- 
chorage, predicting that future earthquakes could cause bad 
landslides. An ounce of prevention is worth a pound of cure, 
especially when we will probably never find the cure for 
earthquakes. 


Where do earthquakes occur? Most earthquakes 
occur around the Pacific Ocean (Figure 6.19). Another zone 
of earthquakes runs from the Mediterranean through Turkey 
and Afghanistan and then through Asia. Others occur along 
the ridges in the oceans. Does all this sound familiar? (At 
least some brain cells should start vibrating!) 

Probably no place on Earth is completely safe from earth- 
quakes. An earthquake could occur anywhere, although over 
most of Earth’s surface they are rare. 


Figure 6.18 This landslide was 
triggered by the Good Friday 
1964 earthquake in Alaska. 
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Causes of earthquakes. Why does the Earth shake? 
The lamas of Mongolia thought Earth was resting on top of a 
giant frog. When the frog moved one of his feet, Earth quaked. 
(But we know this isn’t true—our astronauts looking back at 
Earth from space didn’t see any frog.) The movement of magma 
beneath volcanoes causes some earthquakes, and volcanic 
explosions cause others. But most earthquakes are not directly 
related to volcanic activity. As internal Earth pressures build 
up near a fault, (a crack in Earth’s crust along which move- 
ment occurs), the rocks tend to move along the fault. Usually 
the friction of rock against rock in the fault is great enough to 
prevent movement, temporarily. But eventually the pressure 
becomes stronger than the friction. Suddenly there is move- 
ment and a great BANG! This sudden movement causes vibra- 
tions to move out into the rocks from the place of movement. 
The Earth shakes, or quakes. Most earthquakes are caused 
in this manner—by movement along faults. Most occur at 
depths of 8 to 32 kilometers, but some are as deep as 650 kilom- 
eters. The deep earthquakes tell us that the rock at that depth 
is still solid. (How do they tell us this?) 


Figure 6.19 The locations of 
earthquakes are shown on this 
world map by colored dots. 
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Detecting earthquakes. Three main types of waves or 
vibrations move out from the site of an earthquake. These 
are surface waves, P waves, and S waves. Surface waves are 
the ones that cause the damage. P and S waves are important 
in detecting and locating earthquakes. A P wave (“push-pull 
wave’) is similar to a sound wave. When it moves through a 
material, the particles that make up the material are alter- 
nately squeezed together and pulled apart. Each particle 
vibrates back and forth, along the direction of the wave’s 
travel (Figure 6.20). An S wave (“shake wave”) is similar 
to the waves you produce if you shake one end of a rope with 
the other end tied to something. When an S wave moves 
through a material, the particles of the material vibrate side- 
ways, at right angles to the direction of the wave’s travel 
(Figure 6.21). A surface wave is more complicated than either 
P or S waves. It is slow, somewhat like a water wave, and 
travels on the surface of a material rather than through it. 
P waves can move through solids, liquids, and gases. S waves, 
which are slower, can move only through solids. 

Earthquakes are measured or recorded on instruments 
called seismographs (Figure 6.22). A seismograph is built 
so that part of it is attached to solid rock and part of it isn’t. 
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Figure 6.20 (below left) In part 
A, the material is at rest. In parts 
B and C, a P wave is moving 
through the material from left 
to right. Movement of each par- 
ticle is as shown by the colored 
dots. 


Figure 6.21 (below right) An 
S wave is moving through the 
material in parts B and C. Par- 
ticles move sideways rather than 
back and forth. 
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SPRING 






SLOWLY 
ROTATING 


Figure 6.22 The heavy suspended weight records the movement 
of the rest of the seismograph. 


When the Earth shakes, the part of the seismograph attached 
to solid rock shakes, too. The other part, a heavy suspended 
weight, moves very little. A pen or some other device records 
the relative movement between the two parts, and the result- 
ing chart is called a seismogram (Figure 6.23). 





activity 6.1 Building a seismograph 


You can build a crude seismograph that will illustrate how 
earthquake waves are recorded. You will need a ring stand 
with clamps, a cardboard box about 20 to 50 centimeters on a 
side, and paper. Set up the apparatus as in Figure 6.24. One 
pencil is held by the upper clamp in a vertical position, touch- 
ing the box. The other pencil is held by the lower clamp in a 
horizontal position, also touching the box. 

Compare this setup with a diagram of a real seismograph 
(Figure 6.22). In our simple model, imagine that the box repre- 
sents the part of the seismograph attached to solid ground. 
When the box is shaken, its movements represent Earth move- 
ments. Imagine the pens to represent the suspended, unmoving 
part of the seismograph. 

Insert a sheet of paper under each pencil. Have someone 
slowly pull the paper while someone else shakes the box. Note 
that the vertical pencil records only horizontal movements and 
that the horizontal pencil records only vertical movements. 





0 10 ie 20 30 40 
TIME (MIN) 


Figure 6.23 The arrival times 
of various waves are shown 
on this seismogram. L indicates 
surface waves. 


Figure 6.24 A homemade model 
of a seismograph. 
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(We have really built two seismographs in one. Most seismo- 
graphs record only one type of movement.) 

Does our seismogram show both P and S waves? 

Besides earthquakes, what other types of vibrations might 
be recorded on a sensitive seismograph? 





Seismologists (earthquake specialists) have figured out 
how fast earthquake waves travel. To find out how far away 
from the seismograph station an earthquake occurred, they 
simply note the difference in arrival times of the P and S waves 
at the station and then look at a table that looks like a kind of 
train schedule. For example, say that the S wave arrived 4 
minutes and 52 seconds after the P wave. The table will tell 
them that the earthquake was 3200 kilometers away. 

If an earthquake is recorded on three seismographs at 
three different places, it can be accurately located. The dis- 
tance of the earthquake from each seismograph is plotted on 
a map. Each plot is a circle whose center is the seismograph 
station and whose radius is the distance of the earthquake 
from that station. The earthquake occurred at the point where 
the three circles cross each other (Figure 6.25). 


San Francisco 





Figure 6.25 An earthquake can 
be located if it is recorded at 
three different seismograph 
stations. Can it be located if 
it is recorded at two stations? 
At one station? 
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The strength of an earthquake is indicated by the strength 
of the vibrations. One scale of earthquake strength is based 
on the observations of people who were near the earthquake. 
Sometimes scientists send post cards to people in the area 
asking what happened there. Answers vary from “The pictures 
on the wall were swinging back and forth” to “I was knocked 
right out of bed onto the floor and I screamed.” Then the inves- 
tigators make a dot-to-dot map. They connect the points of 
“equal shake,” or really, “equal fright.” But earthquakes are 
probably much like fish. They grow every time that the story 
is told. 

A more scientific method uses the vibrations recorded on 
the seismographs to estimate the energy of the quake. A scale 
of 1 to 10, called the Richter scale, is used. Earthquakes with 
Richter values of more than 7 are destructive. The two biggest 
earthquakes ever recorded had values of 8.6. One was in India, 
the other in Colombia. The scale is not an arithmetic scale. 
For example, an earthquake of magnitude 8 releases about 
3,000,000 times more energy than one of magnitude 5. The 
first atomic bomb released energy of about magnitude 5, but 
of course the energy from an atomic bomb is very concentrated 
and does great damage. 


Can we predict earthquakes? Detailed land surveys 
have been made along the San Andreas Fault, the famous 
California crack. It has been determined that the land west 
of the fault is moving north at the rate of 2 centimeters per 
year. To better concentrate on the fault, seismologists have 
even set up a laboratory in a winery at Hollister, on the fault. 
This winery was built on a part of the fault that moved during 
the San Francisco earthquake of 1906. In fact, the new winery 
is built on the foundation of the old winery that was wrecked 
in 1906! The winery is literally being torn in half by move- 
ment along the fault. Several times wine barrels have broken 
because of earthquakes and thousands of gallons of wine 
have flowed away. Probably many local people grab empty 
buckets and jugs and head for the winery when they feel an 
earthquake. 

But predicting earthquakes is difficult. We don’t yet know 
enough about them. Do several small earthquakes mean that 
a big one is coming? Or do small ones mean that the pressure 
is being released so that it can’t build up high enough for a 
big one? Probably the small ones don’t release enough energy 


Figure 6.26 This’ aerial view 
shows how communities have 
been built without regard to the 
location of the San Andreas Fault 
(indicated by the white line). 
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to be good pressure relief valves. Maybe all we can do is keep 
good records for many years. Perhaps then we will understand 
earthquakes enough to predict approximately when they 
should occur. 

But we have discovered a possible way for man to ease the 
danger of bad earthquakes along fault zones, and we dis- 
covered it quite by accident. In April 1962, earthquakes 
began occuring in the Denver area. They had Richter values 
of 3 to 4. They became more and more common, and even- 
tually became everyday occurrences. In 1967, some had 
Richter values of 5.5. Why had they started? Finally, a geol- 
ogist linked them to an important fact. The U. S. Army had 
begun pumping waste chemical fluid down a 3700-meter-deep 
well to get rid of it. The earthquakes began not long after- 
wards. They have stopped pumping and the earthquakes have 
become less and less frequent. What had happened? 

The waters had lubricated the fault-zones at depth. This 
made movement along the faults easier because there was 
less friction. Earthquakes were the result. Could we control 
potential killers like the San Andreas Fault by pumping 
water down into the fault zone? It would take a lot of water. 
And tampering with nature might cause even worse earth- 
quakes. 

After certain underground atomic explosions, small earth- 
quakes have occurred in the area of the blast. Perhaps even 
atomic power can be harnessed to release the pressure on 
faults. 

One important thing that can be done in earthquake areas 
is to build the right kind of buildings. Some types stand the 
vibrations better than others. And it has been proven that 
buildings built on loose fill are damaged more than those built 
on solid rock. (Recall the warnings of the geologists in Alaska?) 
And maybe it’s wise not to build on fault zones, as in Figure 
6.26. 


CeCe 7OWiRIEA Cires 

What is the most common cause of earthquakes? 
Where do most earthquakes of the world occur? 
What is a seismograph? 

How do P and S waves differ? 


What is the Richter scale? 


eR) EN eae 


Can we predict earthquakes? 
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A BIG EGG—EARTH 


The Earth is something like a round hard-boiled egg—cracks 
and layers and all. But unlike Humpty Dumpty, it is still in 
one piece. 

Earth scientists have made a model of the Earth based on 
all the evidence they can find. Most of the evidence is indirect. 
As earthquake waves travel through the Earth, they are re- 
flected off the boundaries between the major layers of different 
earth materials or they are refracted (bent) as they pass 
through the boundaries. The best-studied boundary is the 
Mohorovicic boundary or discontinuity, named after a 
Yugoslav seismologist. It is called “Moho” for short (Figure 
6.27). And other evidence, as strange as it seems, is provided 
by meteorites—more on that later. 


Crust. Above the Moho is the Earth’s crust. This is our 
thin “eggshell.” It is only about 5 kilometers thick under the 
oceans. Under the continents, it is as much as 60 kilometers 
thick. Because S waves, which can move only through solids, 
can penetrate the crust, we think the crust is solid rock. 
By the speeds at which the earthquake waves travel through 
the crust, the rock type of the crust can be predicted (because 
we have experimented with rocks at the surface). Beneath 
the oceans the crust is made of basalt. The continental crust, 


Figure 6.27 The Moho boundary or discontinuity is the boundary 
between the mantle and the crust. 
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however, is made of granitic rocks lying on top of basaltic 
rocks. The continents are like blocks of granite floating on 
the basalt layer. (Don’t take the word “floating” too literally, 
however.) 

In Chapter 3, when you studied magma, you may have 
wondered whether magma came from a molten layer beneath 
Earth’s hard outer crust. Now you know this can’t be the case. 
Magma at depth must occur in small, local pockets. 

From Figure 6.27 you can see that the granitic crust is 
thicker under mountains than under plains. Mountain ranges 
are kind of like icebergs. They are mostly beneath the surface; 
only their tops stick up above the surface. The part beneath 
is called a root. High areas have deep roots and low areas have 
shallow roots. This balance between different parts of the 
crust is called isostasy, from the Latin for “equal standing.” 
The existence of roots has been proved by the reflection of 
earthquake waves. 


Mantle. The mantle, the “white of the egg,” is the thickest 
of Earth’s layers (Figure 6.28). It extends down about 2900 
kilometers from the Moho to the Earth’s core. Because earth- 
quake waves travel faster in the mantle than in the crust, 
we know that mantle material is denser. At several places 
on Earth’s surface, small bodies of an iron- and magnesium- 
rich rock called peridotite are exposed. Peridotites are made 
of olivine and pyroxene. It is probably the main rock in the 
mantle. Some earth scientists think that the basalts of the 
crust were formed by the partial melting of peridotites in the 
mantle. 

Naturally geologists would like actual samples of the 
rocks beneath the crust. They are out to get them, too. Did 
you ever hear of the American Mohole project? (Not “mole 
hole,” but “mohole.”) The idea is to drill a 25-centimeter- 
diameter hole through the Moho (Figure 6.29) and get samples 
from the mantle. (Like little Jack Horner, they hope to put 
in their thumb and pull out a plum.) 

The crust under the continents is too thick to drill through. 
The plan is to drill through the thinner oceanic crust near 
Hawaii. (The Russians are planning their own Mohole through 
the continental crust.) The first thing necessary is a drilling 
platform that won’t move, even in a hurricane. Over 150 
million dollars had been spent on the project by 1966. A few 
test holes were drilled into oceanic crust. But Congress has 
refused to give out any more money for the project. It will 
be revived, we hope. 
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Figure 6.28 Earth, the “big egg,” has a thin “eggshell” (crust), an 
“egg white” (mantle), and a “yolk” (core). 


Besides bringing up samples of the mantle, there would 
be other benefits of the project. It would increase knowledge 
about Earth’s origin and history. It may even help us learn 
more about earthquakes and volcanoes. It will certainly teach 
us how to drill holes in deep water and thus make deep-water 
exploration for oil and gas possible. 





activity 6.2 Isostasy 


In this activity you will make models of Earth’s crust. For the 
first part of the activity you will need ice cubes and a glass 
container (a graduated cylinder with a diameter slightly 
larger than an ice cube will work best). For the second part of 


Figure 6.29 (below) In the Mo- 
hole project, it was proposed 
to drill all the way through the 
ocean sediments, the crust, 
and the Moho boundary into 
the mantle. The drill would bring 
up samples of mantle material. 
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the activity you will need blocks of wood and a glass or clear 
plastic container wide enough so that the blocks of wood can 
float side by side in it. The pieces of wood should be longer 
and wider than they are high so they will float horizontally 
in the water. Three pieces cut off the end of a standard ‘“‘two by 
four” (2 inches by 4 inches, or about 5 centimeters by 10 centi- 
meters) will work best if they are cut about 15 millimeters, 25 
millimeters, and 40 millimeters thick. For both parts of the 
experiment you will also need water and a ruler. 

For the first part of the activity, partly fill a cylinder or 
other container with water and float an ice cube in it. Measure 
how much of the cube is above water and how much is below. 
What percentage is below? 

After the cube has melted some, measure it again. When it 
has become quite small, measure it a third time. How did the 
distance below the surface change as the ice cube melted? 

From your observations, what do you predict would hap- 
pen to the roots of mountains as the mountains are eroded 
down? 

Now, the second part. Float the three blocks of wood in 
water and measure how much of each block is above and how 
much is below water. 

Assume that each of the three blocks represents a portion 
of Earth’s crust. Assume that together the blocks represent a 
continent with lowlands, high plateaus (high flat areas), and 
mountains. Using the water level in the container as sea level, 
sketch the blocks side by side and label them as lowland, 
plateau, and mountains. How does this model demonstrate the 
principle of isostasy? 

The mantle has a density of about 3.3. Earth’s crust has a 
density of 2.7 to 3.0. In terms of density, are wood and water 
reasonably good choices for representing the crust and mantle? 





Core. Earth’s core is not quite like the yolk of an egg. 
It has two parts, the inner core and the outer core. The outer 
core is about 2300 kilometers thick and the inner core has a 
radius of about 1200 kilometers. Remember that S waves can 
move only through solids? Well, only P waves get through the 
outer core. S waves don’t. They enter the outer core and dis- 
appear. So what conclusion do we come to? We conclude that 
the outer core is not solid, but liquid. (So Earth isn’t a hard- 
boiled egg after all.) The inner core seems to be solid. We think 
this is so because P waves seem to pick up speed in the inner 
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core. Both the inner and outer cores are probably made of iron 
and nickel. The temperature in the core has been estimated 
at 3000 to 4000°C. 

Earth is denser than it looks. It is the densest of the 
planets, with a density of 5.52 (that is, it is 5.52 times as 
heavy as an equal volume of water.) We know that basalt and 
granite make up most of the crust. Granite has a density of 
about 2.7 and basalt has a density of about 3.0. So, isn’t the 
interior of the Earth made of heavier stuff? Earthquake waves 
generally travel faster at depth. Therefore (in general any- 
way), the rocks must get denser the farther down we go. 

The core seems to be the densest part of Earth. That’s 
one reason why a core of iron and nickel has been proposed. 
Another reason is that metallic meteorites are made mainly 
of iron and nickel. We think most meteorites come from the 
asteroid belt between Mars and Jupiter. We also think they 
were probably formed when the planets, including Earth, were 
formed. Therefore, couldn’t we expect the Earth to be made 
of some of the same stuff? (And stoney meteorites give us clues 
to the mantle material, too.) 

So that’s the Earth model. Some of you may be tired of 
our modeling. (You'd like to see some live models?) By now 
you have probably concluded that earth scientists use lots of 
models. Why don’t earth scientists know things for sure? 
Think about that. How can you describe something you can’t 
see, like an atom or the inside of Earth? Or something that 
happened long ago? Actually it is amazing that earth scientists 
have learned as much about Earth as they have. All things con- 
sidered, you must admit that they are pretty good detectives. 
And they will never run out of interesting cases to work on. 


CHECK YOUR FACTS 
1. What is the Moho boundary? 
2. How thick is Earth’s crust? 


3. How does the crust of the continents differ from the crust 
under the oceans? 


4. What is the thickest of Earth’s layers? 
5. What is isostasy? 
6. What is believed to be the main rock in the mantle? 


7. What was the purpose of the Mohole project? 
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APPLYING WHAT YOU HAVE LEARNED 


1. The islands of the East Indies are volcanic islands, with 
many volcanoes still active. Even Krakatoa, mentioned in the 
introduction to this chapter, is actively rebuilding after the 
tremendous explosion of 1883. Yet Java, the main island of 
Indonesia, is one of the most densely populated areas in the 
world. Why do so many people live where severe volcanic 
eruptions could occur? 


2. Surtsey, the volcano that grew out of the ocean near Ice- 
land in 1963, was a very explosive volcano in its early days. 
Great explosions repeatedly hurled hot particles of rock as 
high as 1800 meters. What do you think accounted for its 
explosiveness, compared to the rather quiet Hawaiian vol- 
canoes, which also rise out of the ocean? 


3. What would happen to a piece of steel in a dish of mercury? 
What would happen to you if you sat in a big container of 
mercury? What determines whether a material will float or 
sink in a liquid? Does a ship float higher in fresh water or in 
salt water? Why don’t steel ships (and concrete boats, a recent 
innovation) just sink rather than float? 


4. Some geologists foresee possible problems for some north- 
western cities if the volcanoes of the Cascade Range become 
active again. Look at a map of the northwestern United States 
and determine which cities might be affected. Do you think 
the big volcanoes of the Cascades are extinct, dormant, or 
active? What might happen if they erupted in winter, rather 
than in summer? 


5. We’ve learned that the interior of Earth is made of distinct 
layers—a core made of heavy material, a mantle made of 
lighter material, and a crust made of the lightest material. 
What does this suggest to us about Earth’s origin? 


6. Many volcanic rocks contain small holes formed by gas 
bubbles in the lava. In which part of a lava flow—top, bottom, 
or middle—would you expect to find most of these holes? 
Might this be used as a means of telling tops from bottoms 
in highly twisted and folded lava flows? 


7. What are some similarities between Figures 6.12 and 6.19? 


8. We’ve compared Earth to an egg. What are some things 
wrong with this simple comparison? 
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Figure 7.1 The folded layers in 131 
this mountain can be clearly seen. 

What processes’ formed this 

mountain? 


chapter 7 
The Crust Goes Up and Down 


Earthquakes and volcanic eruptions are truly spectacular. And 
the energies released in such events are truly large. 

Yet such quantities of energy are just like drops in a 
pail. Some other processes use much, much more energy. 
Let’s look at mountain building. There are fossil sea shells 
high on Mt. Everest in the Himalayas. Many large mountain 
ranges of the world contain marine fossils in folded and 
broken sedimentary rocks high up. Why? The only conclusion 
we can come to is that the rocks were lifted up out of the sea 
to form mountains. And to lift thick piles of rocks wide enough 
and long enough to form mountain ranges must require fan- 
tastic forces! But it has happened time and time again in the 
geologic past. And it is happening in some places right now. 

The Coast Ranges of California are not really big moun- 
tain ranges, but some of the ranges are rising at approximately 
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a meter per century. If you were king of the mountain and 
had your throne on the mountain top, would you notice that 
the mountains were getting higher? Probably not. Not even 
if you sat there for a thousand years. But if you sat there for 
a million years and the uplift continued, how high would your 
throne be? It is quite likely that someday the Coast Ranges 
along the western coast of North America will be the highest 
mountains on the continent. And they will stretch from south- 
ern California to Alaska. (Just think how great the skiing 
could be!) 


THE DISTURBED LAYERS 


Most sedimentary rocks were deposited in horizontal or 
nearly horizontal layers. Right? Right. But the sedimentary 
rock layers in Figure 7.1 are standing on end. So we might 
conclude that some sedimentary layers must have been de- 
posited that way, as vertical beds. Right? Wrong. 

In many areas, such as the Grand Canyon, sedimentary 
rocks that were laid down as horizontal units are still hori- 
zontal. In such an undisturbed pile of sedimentary rocks, 
would you expect the layers on top to be younger or older 
than the bottom layers? Your answer will probably be 
“Younger, of course.” The answer seems simple and logical, 
but it was not clearly stated until 1669. Nicholas Steno, a 
naturalist who lived in Denmark, was probably the first 
person to fully appreciate the idea and say so in writing. 
Steno’s discovery was an important one in the development of 
geology as a science. It showed that there was an orderly de- 
velopment of the rock layers. 


Folds. In many places the rocks that originally were hori- 
zontal have been folded by strong forces inside Earth (Figures 
7.1 and 7.2). What kinds of forces cause folding? Does it seem 
more likely that rocks would be folded by squeezing them 
(compression) or by stretching them (extension)? Think 
about it. 

When pressure is slowly applied to rocks, they bend. 
If the temperature and pressure are high, as at great depths, 
the rocks bend fairly easily. Some highly folded rocks even 
look like they flowed. Under such conditions, they may ac- 
tually have behaved like soft mud. 








activity 7.1 Deformation—flow or fracture? 


In this activity you will observe how the substance Silly Putty 
behaves when pressure is applied to it slowly and when pres- 
sure is applied to it quickly. 

Put a ball of Silly Putty on a desk top overnight. What 
happened? 

Put a ball of Silly Putty under a heavy book and watch it 
react to the pressure of the heavy book. What happens? Strike 
a ball of Silly Putty with a hammer. What happens? (Make 
sure you pick up all the pieces afterwards!) Repeat these two 
experiments with refrigerated balls of Silly Putty. What hap- 
pens? Repeat with warm balls of Silly Putty. What happens? 

How can the behavior of Silly Putty be compared to the be- 
havior of rocks? 

Would you expect rocks under pressure near the surface 
of Earth to behave differently from similar rocks buried under 
thousands of meters of other rocks? 





Most highly folded rocks are found in the mountains, or 
in areas that were once mountainous. In some mountain 
ranges, such as the Rockies, some sedimentary beds are nearly 
upside down (Figure 7.2). Older rocks are on top of younger 


Figure 7.2 Can you tell which 
beds are upside down? 





Figure 7.3 When lava flows into water, it cools quickly and forms 
“ojllows.” The pillows have rounded tops and pointed bottoms. Which 


direction was originally “up”? 
g SY 


Figure 7.4 Would this be a good 
place to drill for oil? 
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rocks. How can we tell? There are several kinds of evidence. 
For example, cross-beds might tell us which side of a bed was 
originally up. (How?) Graded beds can also tell us this. (How?) 
Another aid is pillowed lava flows (Figure 7.3). 

All tilted rock layers are parts of larger folds. There are 
two main types of folds—upfolds and downfolds. The upfolds 
are called anticlines and the downfolds are called synclines. 
They commonly occur together—anticline, syncline, anti- 
cline, syncline. You already know from Chapter 4 that anti- 
clines are good traps for oil and gas. Figure 7.4 shows how a 
large eroded anticline looks from an airplane. 





activity 7.2 Making folded layers in a 
“squeeze box” 


In this activity you will use layers of modeling clay to represent 
sedimentary rock layers. You will need modeling clay (at least 
two colors); a rectangular plastic or glass container with an 
open top (about 10 to 15 cm long, 5 to 10 cm wide, and 5 to 10 
em high); a block of wood or other material that is as wide and 
high as the container but loose enough to slide within the con- 
tainer and grease, Vaseline, or some other lubricant. 

Flatten the different colored clay into layers about 1 to 2 
cm thick, as wide as the container, and about 3 cm shorter 
than the container. Grease the inside of the container, and 
then put three or four layers in it, on top of one another. Slowly 
push the block against the layers until they start to fold. As 
the pressure is continued, watch the layers deform. What kinds 
of folds formed? Anticlines or synclines? Are the sides of the 
folds gentle or steep, or first gentle and then steep? 

Straighten out the layers and reassemble as before. Push 
quickly rather than slowly. Any difference in the results? 





Faults. Under different conditions, instead of bending, 
rocks can break and change position. Continued pressure 
causes movement along some cracks. Such cracks, along which 
the rocks move, are called faults. Some faults are due to 
compression. Others are due to extension. 








SYNCLINE 


MOVABLE BLOCK 








VE LAYERS IN HERE 
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Because there is often crushed rock along fault zones, 
these zones serve as pathways for hot waters and magmas. 
Therefore, many dikes and ore deposits have been formed 
along faults. Miners taking out these ores have logical names 
for the rock on the two sides of a nonvertical fault. (Most 
faults are not vertical, but are at some angle.) They call the 
side hanging above them the hanging wall and they call the 
side under their feet the footwall (Figure 7.5). These miners’ 
terms are also useful to geologists in describing faults. 

If the hanging wall has gone down relative to the footwall, 
the fault is called a normal fault (Figures 7.6 and 7.7). The 
rocks on the top side have “fallen down” relative to the foot- 
wall. (Note that we say relative movement. Isn’t it possible 
that the footwall went up rather than the hanging wall going 
down?) Which type of force, compressional or extensional, 
would cause most normal faults to form? Think about it— 
and don’t forget the effect of gravity on the hanging wall side. 

If the hanging wall has gone up relative to the footwall, 
the fault is called a reverse fault. The rocks on the top side 
or hanging wall have been “pushed up” relative to the footwall. 

If a fault isn’t a steep one, older rocks from below may be 
pushed up onto younger rocks, rather than just next to younger 
rocks. So this is another case of older rocks being on top of 
younger rocks. Scratches caused by rock scraping rock along 
the fault help us to identify it as a fault or a zone of faulting. 
Good field studies will show whether the older rocks are on 
top of the younger rocks because of faulting or because of 
folding. 


Figure 7.7. There has been about 10 meters of vertical movement on 
this recent fault. What evidence can you find to indicate that this fault 
happened recently? 
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Figure 7.5 Has the hanging wall 
moved up or down relative to the 
footwall? 


Figure 7.6 A normal fault (top), 
a reverse fault (middie), and a 
fault involving horizontal move- 
ment (bottom). 
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Some low-angle reverse faults have had tens of kilo- 
meters of movement along them. Along some normal faults 
and reverse faults, there have been movements of hundreds 
or thousands of meters. But along most faults, the movements 
range from a few centimeters to a few meters. 

A third major type of fault involves horizontal movement 
rather than vertical movement (bottom of Figure 7.6). One of 
the best-known examples of a fault with horizontal movement 
is the San Andreas Fault in California (Figure 7.8). Actually 
it is not a single fault, but a fault zone composed of many 
_parallel faults. And no one knows along which fault the next 
movement will be. 

The land on the west side of the San Andreas Fault moves 
north whenever there is movement along the fault. (Repeated 
surveys across the fault zone also show that the west side 
is moving north nearly continually, about two centimeters 
per year.) Friction of rock on one side of a fault against rock 
on the other side tends to prevent movement, and so pressure 
builds up. When the pressure becomes greater than the fric- 
tion, there is movement along a fault. Some geologists estimate 





Figure7.8 Thelong SanAndreas 
Fault is one of the best-studied 
faults in the world. The movement 
is mainly horizontal, with the land 
west of the fault moving north- 
ward. 
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that the west side of the San Andreas Fault has moved north- 
ward 600 kilometers in the last 150 million years. Note from 
the map in Figure 7.8 that Los Angeles is west of the San 
Andreas Fault and San Francisco is mostly east of it. Isn’t 
Los Angeles getting closer to San Francisco? At the present 
rate of movement, how soon will they be side by side? (And that 
will probably happen long before western California slides 
into the sea, as some “prophets” have predicted.) 

Faults very similar to the San Andreas Fault are found 
in Japan, the Phillipines, New Zealand, and Chile. Along 
all of them, the movement is such that the Pacific Ocean basin 
seems to be rotating counterclockwise. Great things are 
happening around the Pacific Ocean! What other features 
are found around the Pacific? (Remember Chapter 6!) 
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Buried surfaces of erosion. James Hutton in his 
field studies found places where horizontal rocks were lying 
on steeply dipping rocks (Figure 7.9). He interpreted the 
surface above the tilted beds as representing “the remains 
of an ancient world.” He realized that the steep beds had 





Figure 7.9 This buried surface 
of erosion in Scotland was stud- 
ied by James Hutton. 
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once been horizontal. (Wouldn’t we have, too?) In back of this 
reasoning is our old familiar statement—the present is the key 
to the past. 

Hutton had correctly identified a surface of erosion with- 
in the rock pile. The angle between the sedimentary rock units 
Hutton studied makes this kind of surface of erosion easy to 
recognize. Some others are not so obvious (Figure 7.10). 
Sedimentary rocks can be found on top of weathered igneous 
and metamorphic rocks. Then we must be sure that the ig- 
neous rocks didn’t intrude the sedimentary rocks. (How can 
we tell this?) The hardest surface of erosion to identify is where 
the rock layers above and below the surface are parallel to 
each other (Figure 7.11). How can such surfaces be recognized? 
Sometimes the different ages of the fossils in the different 
layers provide the only clue that the surface is an erosional 
surface. Sometimes old soils are present. 

How are surfaces of erosion formed? First, don’t the rocks 
have to be lifted above sea level? The uplifted area may be 
very large. These broad uplifts are commonly slow and gentle 
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Figure 7.10 (below left) Ofthese 
three buried surfaces of erosion, 
which is the easiest to identify? 


Figure 7.11 (below right) A 
buried surface of erosion is pres- 
ent at the base of the dark- 
colored limestone cliff, where the 
more gentle slope of shale and 
limestone begins. Without study- 
ing the fossils in these rocks, 
geologists might not have learned 
about this eroded surface, since 
it is nearly parallel to beds above 
and below it. 
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and may raise the area only a few hundred meters. But this 
is commonly enough to lift a pile up from beneath the sea. 
Once the pile is out, erosion usually starts. Later new layers 
of sediment are deposited on the erosion surface. Of course, 
if the new beds are marine, the area must sink below sea level 
before the deposition. But if the beds are nonmarine, this 
need not happen. 

Some broad uplifts may lift sedimentary rocks a kilo- 
meter or more. The result is a high area such as the Colorado 
Plateau. In broad uplifts, the rock layers are only slightly 
folded, if at all. Look back at Figure 4.21 of the Grand Canyon, 
which is on the Colorado Plateau. How many major surfaces 
of erosion can you spot within the rock pile? You won't find 
them all without more information on the fossils and ages of 
the rocks. 

During the more violent uplifts that form large mountain 
ranges, the rocks are much more messed up. They are folded, 
faulted, and then maybe folded and faulted again. The areas 
of uplift are commonly long and narrow. The amount of up- 
lift is also much greater than in the broad gentle uplifts; 
and the greater the uplift, the greater the erosion. The up- 
lifts may occur at many different times. Figuring out the 
history of such an area is one of the most difficult jobs of a 
geologist. 


CeCe Kea 4Olw Reap ANCriEsS 
1. What types of force produce folds? 
2. How are faults produced? 


3. What are some clues you might use to help you recognize 
a buried surface of erosion? 


MOUNTAINS 


Types of mountains. There are many types of moun- 
tains (Figure 7.12). You already know about one type, the 
volcanoes. Another type is a fault-block mountain, pro- 
duced largely by faulting. The eastern side of the Sierra 
Nevada in California is a steep normal fault (Figure 7.13). 
Total movement on this fault is estimated at more than 
7700 meters. Of course the Sierra Nevada isn’t that high 
now. (Why not?) Many small mountain ranges in Nevada, 





THE CRUST GOES UP AND DOWN 141 



















eae 











Ce OH 
Oe 
ees eaeee 


FOLD-BELT MOUNTAIN 


Utah, and New Mexico are also faulted mountains, as are the 
spectacular Grand Tetons of northwestern Wyoming and the 
Wasatch Mountains of Utah. 
A third type of mountain is a dome mountain. In this 
<type of mountain, the rocks are simply “domed up” or pushed 
up by forces within the crust. They aren’t very folded or 
faulted, but just arched upward. The Black Hills of South 
Dakota and the Adirondacks of New York are fine examples. 
But we haven’t yet mentioned the big mountain ranges 
of the world. What about the Rockies, Appalachians, Alps, 
Andes, and Himalayas? They are all folded mountain 
ranges—the longest, widest, and highest. Some of the major 
mountain ranges of the world are shown in Figure 7.14. 


Geosynclines. How do folded mountains form? Folded 
mountains have formed in places where the sediments piled 
up until they were many kilometers thick—even ten to fifteen 
kilometers thick! Evidently the sediments accumulated slowly, 
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Figure 7.12 Various types of 
mountains. 


Figure 7.13 The eastern side of 
the magnificent Sierra Nevada. 
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but steadily. They were deposited in long, narrow basins we 
call geosynclines. (“Geosyncline” means “earth syncline.” 
A geosyncline is by definition hundreds of kilometers long.) 
As the sediments in a geosyncline pile up thicker and thicker, 
the crust beneath bows downward. Finally the lowest sedi- 
ments can be buried so deeply that they melt to form magma. 
Some magma comes up to the surface and volcanoes form, but 
most cools at depth as large batholiths. (“Home, Sweet Home” 
to a batholith is the bowels of a folded mountain range.) In 
many folded mountains, the sedimentary rocks overlying the 
batholiths are intruded, folded, faulted, metamorphosed, and 
uplifted. They get the works. 

Which came first—the chicken or the egg? We can also 
ask: which came first—the geosyncline or the thick pile of 
sediment? The American geologist James Hall (1811-1898) 
studied the thick pile of sedimentary rocks in the northern 
Appalachians and noticed that most of the rocks showed 
evidence of having been formed in shallow water. (What 
kind of evidence would suggest this?) He thought that the 
great weight of the sediment caused the crust to sink in that 
area. When this happened, he said, a shallow basin was 
formed. Once a basin formed, more sediment was washed 
into it. So it sank more under the additional weight of the 
new sediment. 

James Dwight Dana (1813-1895), an American geologist 
and mineralogist, named the long basins geosynclines. But 
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Figure 7.14 Some of the major 
mountain ranges of the world. 
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he argued with Hall. Dana said that the weight of the sedi- 
ments couldn’t cause the sinking. According to him, a geosyn- 
cline sank because it was a zone of crustal weakness. Be- 
cause it sank and became a low area, the sediments were 
washed into it. So which came first—the thick sediment or 
the geosyncline? Most geologists now think that Dana was 
more correct. 

Are there any modern geosynclines that are now filling 
with sediment? The north part of the Gulf of Mexico may be 
one. Sediment is being deposited there. Oil wells have been 
drilled in that area to depths of about 8 kilometers, where 
they “bottom” in quite young sedimentary rocks. There must 
be much more rock below. Does the thick pile of sediment 
suggest that this is the site of a geosyncline? Oceanographers 
have found thick piles of sediment at the base of the conti- 
nental slopes. For example, both the eastern and western 
continental slopes of North America have thick sediments 
at their bases. Could such places be geosynclines in the 
making? And some scientists have suggested that deep 
trenches in the oceans (Figure 1.7) are geosynclines that 
haven't yet filled with sediment. 


Mountain building. But what actually causes folded 
mountains to form from a geosyncline? Why is there a geosyn- 
cline with thick sediment? Why is the thick pile of sedimentary 
rocks later uplifted to form a mountain range? What causes 
the sinking first, and then the uplift later? We don’t know for 
sure, but we've got ideas. 

One old theory of mountain building was that the Earth 
is shrinking. According to this theory, the interior of Earth 
is cooling and is getting smaller, causing the harder outer 
crust to wrinkle up and form mountains. But if this were so, 
shouldn’t mountains be scattered all over Earth’s surface, 
like the wrinkles on the skin of a dried-up orange or prune? 
(Are they?) And why should the crust sink first rather than 
buckle upward first? This theory has to be discarded. 

A more recent theory is that the rocks at the base of 
Earth’s crust change. The change is from basalt to a heavier 
rock called eclogite. There is no chemical change. But, de- 
pending on the pressures, the minerals change. (Remember, 
minerals are stable only in the environment in which they 
are formed.) What minerals are in basalt? (Look at Figure 3.3 
again.) Eclogite is made of garnet and an unusual kind of 
pyroxene. Because eclogite is a heavier rock than basalt, it 
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takes up less space than basalt. So when basalt changes to 
eclogite, the crust above the spot sinks a little. (A geosyn- 
cline?) What would happen if, after the geosyncline has 
filled with sediment, the eclogite changes back to basalt? 
Wouldn’t the crust rise? (A mountain range?) Laboratory 
studies indicate that this change from basalt to eclogite and 
eclogite to basalt is very possible. But whether it happens in 
nature is hard to prove. The Mohole project might have helped 
to settle this question. 

In Chapter 10 you will study continental drift, the theory 
that continents have moved on Earth’s surface. One theory 
for mountain building uses drift as part of the explanation. 
The Rockies and the Andes may have formed on the front 
or “bumper” edge of North and South America as those con- 
tinents drifted westward. But what about other mountains, 
like the Appalachians—did North America once drift east- 
ward, too? The Alps may be the result of the collision of 
Africa and Europe, and the Himalayas may have formed as 
India collided with Asia. Recent evidence suggests that move- 
ments of parts of Earth’s crust may indeed have been an 
important cause of mountain building. This theory is very 
complicated, but is also very interesting! 

But what could cause continental drift? Could there be 
movement of rock at depth, in the mantle, and could this move 
the overlying continents? Could rock down in the mantle, 
where it is hot and the pressure is high, actually “flow”? 
Theoretically, rock under such conditions can move like 
boiling water in a pot, but very slowly. In a pot of boiling 
water, hotter water rises and cooler water sinks, forming circu- 
lating currents called convection cells. There is some evi- 
dence that convection cells exist beneath Earth’s crust. Above 
the sinking part of a cell, the crust would be dragged down- 
ward. (A geosyncline?) And if the cell stopped, the light 
sediment and magma at depth would rise. (A mountain range?) 
Or, the upward-moving part of a cell could cause the uplift. 

In the last few years, the idea of convection cells has been 
developed further. Scientists have theorized that Earth’s 
surface is broken up into a number of very big crustal plates. 
Convection cells beneath the plates provide the power to move 
the plates. The continents are simply passengers on the plates, 
which are larger than continents. Many geosynclines were 
apparently located on the edges of continents. Could they 
have formed where two plates came together and the oceanic 
plate was forced downward, under the plate with a continent 
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at its edge? You will read more about this exciting topic in 
Chapter 10. 

In summary, we don’t know exactly what causes folded 
mountain ranges to form. Perhaps we shall never know. But 
in recent years scientists have gathered much new informa- 
tion that is leading to better theories. Certainly it’s interest- 
ing and fun to keep trying to find the answers. 


CInlEeGiK SOUR EACGTS 
1. What are four kinds of mountains? 
2. What is a geosyncline? 


3. What may have caused the folded mountain ranges? 


mia iNCGe Win jAwee YO WsrtAVY Eee ARNE 


1. Figure 7.3 shows pillowed lavas. Assume you are studying 
an exposure of pillowed lavas that are now vertical due to 
folding of the rocks. What features would indicate tops of pil- 
lows and what features would indicate bottoms of pillows? 


2. Scratches caused by rock scraping against rock along a 
fault plane are clues that help geologists determine the type 
of movement on the fault. How would the scratches differ if 
movement along the fault had been horizontal, compared to 
the case where movement had been vertical? How would you 
explain movement along a fault that has neither vertical nor 
horizontal scratches, but instead has inclined scratches? How 
would you explain movement along a fault that has both verti- 
cal and horizontal scratches on the same rock surfaces? 


3. State two explanations for older rocks being found on top 
of younger rocks. 


Ke YeWORDS 


compression (p. 132) reverse fault (p. 136) 
extension (p. 132) fault-block mountain (p. 140) 
pillowed lava flow (p. 135) dome mountain (p. 141) 
syncline (p. 135) folded mountain range 
anticline (p. 135) ; (p. 141) 

fault (p. 135) geosyncline (p. 142) 

hanging wall (p. 136) eclogite (p. 143) 

footwall (p. 136) convection cell (p. 144) 


normal fault (p. 136) 





Figure 8.1 The Grand Canyon 147 
of the Yellowstone clearly shows 

that erosion and other processes 

are leveling the crust. 


chapter 8 
Leveling the Crust 


Every valley shall be lifted up, 

every mountain and hill brought down; 
rugged places shall be made smooth 
and mountain ranges become a plain. 


Isaiah 40:4 


Nathaniel Hawthorne once wrote, “Mountains are Earth’s 
undecaying monuments.” He was wrong. You and I will spend 
but a short time on this Earth. A mountain will spend a much 
longer time. But as surely as you and I must go, so must the 
mountain go. Water, wind, and ice, acting under the in- 
fluence of gravity, wear down and level Earth’s surface. The 
high places are lowered and the low places are filled in. 

This leveling, like mountain building, goes slowly. Yet 
over millions of years, the results are impressive. For example, 
geologists estimate that the Colorado River took between one 
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and ten million years to cut the Grand Canyon. That grand cut 
is more than a mile deep (about 1.7 kilometers deep). And 
the Colorado will cut still deeper unless man builds too many 
dams on the river. 

Assume that for some reason Mother Earth’s internal 
energy were gone. Internal forces would no longer raise land 
masses or form volcanic peaks and highlands. Slowly but 
surely all of Earth’s land surfaces would be worn down to sea 
level. Fortunately for us, these internal forces have been ac- 
tive throughout Earth’s history. They have kept us from 
having a dull, flat Earth, as well as wet feet. Certainly Mother 
Earth has maintained a neat balance between building the 
crust up and tearing it down! 


LEVELING THE LAND 


You've seen running water in a creek or gutter. Didn’t it 
loosen bits of dirt and sand and carry them downhill to lower 
areas? You were watching leveling, and it is a simple process. 
We can see it taking place all around us. 

Leveling involves three major processes—weathering, 
erosion, and deposition. Weathering, as you learned in 
Chapter 4, breaks rocks into smaller pieces. This loose sedi- 
ment is eroded, or moved, from the place where it formed. It 
is moved by the work horses of erosion—water, wind, and 
ice. And the sediments themselves act as tools, wearing down 
the rocks along their paths. Water, wind, and ice without such 
tools can cause little if any wear on solid rocks. Just as man 
uses tools to tear down a house, nature uses tools to wear down 
a rock. Finally, the sediments are deposited at some place that 
is lower than the place they started from. 


Gravity. Gravity is behind all erosion. Wherever land 
stands higher than its surroundings, sediment will move 
downhill under the influence of gravity. Usually, running 
water does the moving; sometimes it’s glacial ice or wind. 
But gravity can do it alone, too. Pebbles and boulders do 
roll down hills without any help from water, wind, or rock- 
rolling students. Piles of loose rock at the bottoms of most 
cliffs are evidence that this happens (Figure 8.2). 

Some material moves downhill very slowly (Figure 8.3), 
but some moves very fast. We’ve all read or heard about the 





Figure 8.2 Steep piles of angular blocks of rock are common sights 
in mountainous areas. 


death and destruction that avalanches and landslides cause 
in mountainous areas. Avalanches are sliding masses of ice, 
snow, or rock. Landslides, as the name implies, are composed 
of land—soil and rock. 

A large landslide occurred in the Alps in Italy in 1963. 
It crashed into a man-made lake behind a 260-meter-high 
dam, and caused waves that were nearly 100 meters higher 
than the dam! The dam didn’t break, but obviously the water 
went over the top. It rushed down the long valley below the 
dam, traveling 20 kilometers in seven minutes. All buildings 
in its path were destroyed and nearly all the people—2600 of 
them—were killed. Surveys during the first three years after 
the dam had been built showed that the nearby ground was 
moving downslope at the rate of 1 centimeter per week. And 
a few weeks before the landslide, heavy rains had upped this 
rate to 1 centimeter per day! The bedrock in the area is folded 
and fractured limestone and shale. The shale became soaked 
with water, and finally it let go. The dam should never have 
been built. 


CHAEGkreyOUWRSPAC TS 


1. About how long did it take the Colorado River to cut the 
Grand Canyon? 


2. What are some means by which sediment is moved, other 
than by water? 


Figure 8.3 As these trees are 
growing up, the soil in which they 
are growing is slowly moving 
downhill, causing the trees to 
grow up with curved trunks. 
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RUNNING WATER 


The water cycle. Do you know how much water falls on 
the land each year as rain and snow? Only about 146,000 cubic 
kilometers! What happens to the rain after it lands? Some 
“runs off’ or flows downhill on the surface. Some soaks into 
the ground. Some evaporates (enters the atmosphere as water 
vapor), and some is used by plants and then given off through 
their leaves to the atmosphere as water vapor. If we could 
follow an individual water molecule, it might first run off, 
then soak into the ground, then enter the atmosphere, and 
then fall again in a raindrop or a flake of snow. 

We have followed our chosen molecule along what is 
called the water cycle (Figure 8.4). There are many natural 
cycles—you ve already studied the rock cycle. But few cycles 
are as important to man as the water cycle, for water and its 
movements are basic to all life on Earth. You have already 
learned that water is necessary for the chemical weathering 
that makes soil out of solid rock. Most of this chapter deals 
with erosion and deposition of sediment by water and ice. 


Erosion by running water. Rain water that runs off or 
flows away from its landing point is of special interest to 
us. Why? Because it erodes and changes the shape of the 
landscape. We all know that water seeks its own level. (What 
is the lowest level to which water can flow?) 
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Figure 8.4 Energy from the Sun 
causes water to evaporate 
(move into the atmosphere as 
water vapor). Plants also pass 
water vapor into the air, a proc- 
ess called transpiration. The 
water vapor eventually con- 
denses and fallS as rain and 
snow. All these processes to- 
gether make up the water cycle. 
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Have you seen raindrops fall and cause a splash in a 
mud puddle or in wet mud? An individual raindrop won’t do 
much damage to a granite boulder, but it can kick mud 
around. And as the countless drops begin to move downhill 
to lower areas, they join together and form thin sheets of 
water called sheetwash. These in turn form tiny trickles. 
From tiny trickles come larger trickles, then small creeks, 
and eventually large rivers. Yet it is the sheetwash and the 
trickles of water that pry loose and carry most of the clay, 
silt, and sand. To be sure, rivers move much sediment, acting 
as large transportation agents. But rivers would have little 
business if they moved only the water that falls directly into 
their channels. 


Drainage basins. The area each river system drains, or 
gets its water from, is its drainage basin. Most rivers and 
their tributaries drain small areas (Figure 8.5). Large rivers, 
however, carry water out of very large areas. For example, 
the Mississippi River, the largest river in North America, 
carries to the sea one third of all the runoff from the 48 states. 
It and its tributaries drain an area of over 35 million square 
kilometers. The Mississippi River is big, but the Amazon, the 
world’s biggest river, carries twelve times as much water. Its 





Figure 8.5 A small drainage 
basin looks like this from the air. 
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lowest volume, during the dry season, is about equal to the 
Mississippi’s volume at flood stage! It discharges fresh water 
into the sea at the average rate of about eleven billion liters 
of water per minute. That’s enough water each day to cover 
Texas to a depth of about 2.5 centimeters or New Jersey to 
a depth of about one meter. 


Stream transportation and deposition. Streams 
carry their cargos of Earth materials in three different ways, 
as shown in Figure 8.6. (1) Ions are dissolved in the water and 
carried in the water, invisible to us; (2) clay, silt, and some- 
times fine sand are carried suspended in the water; and (3) 
larger particles such as coarse sand, gravel, pebbles, and 
boulders are rolled, bounced, and pushed along the bottom. 
(They are generally too heavy to take the delightful trip a 
small silt grain enjoys.) The amounts of each type vary with 
the speed and amount of water in the stream, and therefore 
with the seasons. When there is little rainfall, streams move 
slowly and may carry mostly ions and few particles. When 
there is more water, the particle load increases. 

When the water and its load finally reach a lake or sea, 
the speed of the water decreases very rapidly. When the run- 
ning water slows or stops, it cannot help but drop its load of 
particles. At the Gulf of Mexico, where the Mississippi drops 
the final part of its load, a broad deposit called a delta has 
formed (Figure 8.7). The sediment beneath the Mississippi’s 
present delta has already accumulated to a thickness of more 
than 10 kilometers, partly because the area is slowly sinking. 

Most rivers deposit much of their load before they reach 
a body of standing water. Streams coming out of high moun- 
tains slow down when they reach the flatter ground at the base 
of the mountains. There they drop their loads of suspended 
sediment in the form of large fan-shaped deposits called 
alluvial fans. And since rivers generally drop part of their 
load wherever they slow down appreciably, most rivers also 
have many deposits of sediment along their valleys. 


“PEANUTS” NO MORE OF THIS JUMPING 


ROPE ON THE GROUND! 


IF YOU HAVE TO JUMP ROPE, 
DO_IT ON THE SIDEWALK .. 
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Figure 8.6 All streams transport 
materials in the way shown here. 
The amounts of each type of 
material vary with the speed and 
amount of water in the stream. 


YOURE WEARING DOWN 
THE EARTH! 
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Figure 8.7 (above) Various courses of the Mississippi are shown by 
the numbers, 1 being the oldest (about 3000 years ago). The river is 
now slowly shifting to the Atchafalaya course. 

Figure 8.8 (right) Various modern Mississippi courses are shown. 


River valleys. If a geologist said to you, “Rivers have 
formed the valleys in which they flow,” would this seem logi- 
cal? Man has not always thought so. The Navajos have a 
legend that the god Yé dragged a big stick over Colorado and 
Arizona, forming the Grand Canyon in which the Colorado 
River now flows. As recently as 1800, geologists thought that 
rivers flowed in valleys because the valleys were low areas 
that existed before the rivers formed. But now we know that a 
river carves its own valley. 

And once a river has carved its valley, does it always fol- 
low the same course? The Mississippi River hasn’t, as you can 
see in Figures 8.7 and 8.8. It has been more curvy (longer) 
at certain times and less curvy (shorter) at other times. New 
curves are formed and old ones are cut off. Mark Twain, who 
was a riverboat captain as well as a writer, wrote in his 
Life on the Mississippi: 
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In the space of 176 years, the Lower Mississippi has 
shortened itself 242 miles. That is an average of a 
trifle over one mile and a third per year. Therefore, 
any calm person, who is not blind or idiotic, can 
see that... just a million years ago next November 
the Lower Mississippi River was upward of 1,300,000 
miles long, and stuck out over the Gulf of Mexico 
like a fishing rod, and by the same token any person 
can see that 742 years from now the Lower Mississippi 
will be only a mile and three-quarters long, and Cairo 
[Illinois] and New Orleans [Louisiana] will have 
joined their streets together, and be plodding com- 
fortably along under a single mayor and a mutual 
board of aldermen. There is something fascinating 
about science. One gets such wholesome returns of 
conjecture out of such a trifling investment of fact. 


Figure 8.9 When your equipment setup looks about like this, you are 
ready to measure “stream velocity.” Someone should keep the jug 
or pail at the upper end filled to about the same level at all times during 
the velocity measurements. 
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activity 8.1 Stream velocity 


In this activity you will work with an artificial stream. As you 
change its slope, you will measure the changes in velocity 
(speed). You will need an open trough (preferably about 1.5 
meters or more long and about 5 centimeters wide), a pail or 
jug, flat cake pans or similar containers, flexible >-cm rubber 
hose for use as a siphon, a watch with a second hand (or a stop- 
watch), a cork, a ruler, and graph paper. Set up the apparatus 
as shown in Figure 8.9, propping up the trough with boxes or 
pans. Have enough props so you can change the elevation of 
the upper end by a total of about 30 centimeters. 

First, set the slope at a low angle. Calculate the percent 
of slope by measuring the horizontal distance from one end of 
the trough to the other. Divide this into the vertical difference 
in elevation between the two ends of the trough. Start a flow of 
water and drop a piece of cork into the upper end. The cork 
must be small enough so it doesn’t drag on the bottom. Time 
at least 3 runs and average them. (Have someone keep the 
pail or jug filled with about the same amount of water during 
all the runs. Why?) 

Calculate the velocity of the stream in centimeters per 
second. Set the slope at a significantly higher angle and repeat 
the measurements of time, slope, and velocity. Finally, set the 
slope at a still higher angle and repeat the measurements. 

You now have 38 velocity values at 3 different slopes. Plot 
them on a graph and connect the points. From this graph, 
predict different velocities at different slopes. Adjust the 
slope to a new value and see if your prediction from the graph 
can be verified by actual measurements. In this activity, you 
have neglected several variables that have an effect on your 
measurements. Can you name some? 





The erosion cycle. The histories of both river valleys 
and landscapes can be described in terms of an erosion cycle. 
Just as humans have stages of youth, maturity, and old age, 
so do river valleys and landscapes (Figure 8.10). These are 
just relative stages, and years cannot be assigned to them. The 
erosion cycle is an idealized concept, but it is an aid to under- 
standing erosional history. 

In youth, most of the land is fairly flat with only a few 
fast streams cutting down through. The youthful river valleys 
are narrow and V-shaped (Figure 8.1). In maturity, the land 


Figure 8.10 These models are 
idealized. In nature, streams 
of an area are seldom spaced 
quite like this. Bedrock structure 
and other factors together deter- 
mine the pattern of stream flow. 
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OLD AGE 








consists mostly of slopes or hills. The rivers are eroding side- 
ways as well as down, and the valleys are wider. Finally, 
all the land between the river valleys is eroded, there are no 
obvious valleys left, and the rivers curve over a low plain. 
Old age has come. If this old-age landscape were uplifted, the 
rivers would have a new slope to run down and the cycle would 
begin again. (In what stages of the erosion cycle are the areas 
shown in Figures 8.11 and 8.12?) 





activity 8.2. Stream erosion and deposition 


In this activity, you will study stream erosion and deposition. 
You will need much of the equipment used in activity 8.1; 
sediment composed of a mixture of clay, silt, and sand; and 
modeling clay. Set up the apparatus as for activity 8.1. (You 
may need another siphon hose to empty some water from the 
cake pan.) Place a layer of sediment about 2 centimeters deep 
over the length of the trough. Start the water flow at the upper 


Figure 8.11 (above) Monument 
Valley in Utah. 


Figure 8.12 (left) Hillsinthe Blue 
Ridge region of North Carolina. 
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end of the trough, fast enough to move the sediment down the 
trough. Watch the erosion along the “stream channel.” Vary the 
water flow and observe the relationships of the rate of erosion 
and the size of the largest particles moved. 

At the lower end of the trough, watch the deposition of 
the sediment. For one experiment, start with an empty pan at 
the lower end. For another, start with water already in the 
pan. (What natural landforms does each represent?) Where are 
the coarsest grains deposited? The finest? 

Draw cross sections of the two deposits. If you use a glass 
cake pan at the lower end, you may see actual cross sections 
of the sediment through the glass walls. 

Put more sediment in the trough and build a dam across the 
trough near its lower end, about half as high as the trough is 
deep. Observe what happens to the water level at the dam when 
the water is flowing. What happens to the sediment when it 
reaches the dam? What must be done to keep a fairly deep 
lake behind the dam? Do you think this represents a real-life 
situation? 





Waves. The most obvious motion in seas and lakes is 
waves. Waves are caused by winds, and the longer the distance 
of water over which the wind blows, the larger the waves can 
become. Any drop of water in a wave moves mostly up and 
down in a circular pattern, but it also moves forward a little 
bit. A cork bobbing on the surface of wavy water is moving 
much as a drop of water does within a wave. 


Figure 8.13 Various 
along the shore. 


motions 
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If the wave motion can reach bottom, the water will 
move particles of sediment, and cause erosion of the bottom. 
Most waves can pick up and move sediment only in shallow 
water. But they use the sand, gravel, and boulders which they 
pick up as tools to erode the shorelines. And the waves cause 
sediment to be moved along the shorelines (Figure 8.13). 


CHECK OU Rae ACRES 


1. What happens to the rain and snow that fall on the 
ground? 


2. What is the water cycle? 
3. How do streams carry their cargo of materials? 


4. How is a delta formed? 


GROUND WATER 


Ground water is water that is in the ground. Most of man’s 
drinking water, as well as most of the other water he uses, 
comes from this source. There are great amounts of water 
underground, and nearly all of it has soaked in from the 
surface. 

Might there be great rivers down there? No, because 
nearly all underground water is moving through the tiny 
spaces between sand grains or in other small holes. Under- 
ground rivers occur only in caves in limestone areas. 


Water wells. Rocks or sediments that have holes or pores 
are said to be porous. Naturally the holes can hold water. But 
just because a rock has pores in it, can water flow through it? 
(What else must also be true?) Wells are drilled or dug down 
to the depths at which water is present in the pore spaces. 
The top of this zone of water-filled pores is called the water 
table (Figure 8.14). You already know, from your study of the 
water cycle, how water gets underground. With that in mind, 
do you think the water table is always at the same level? 
Many people believe that “water-witchers” or “dowsers” 
can find water with a forked branch of a hazel, willow, or 
peach tree. Dowsers hold the two ends of the forked branch, 
with the single end pointing outward and up. When they 











(WATER) 





Figure 8.14 The water table. 
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walk over water, the stick is supposed to be attracted by the 
water and pulled down. They commonly drill or dig a well 
at that point, and find water. Scientists can find no explanation 
for why the branch should be attracted by the water. Yet 
many people believe in this method. (Do you?) For fun and 
argument, assume that scientists say that the method can’t 
work. Then try to explain why water-witchers find water with 
their forked branches. 


Erosion and deposition by ground water. Ero- 
sion by ground water is a chemical process. As the water moves 
through sediments and rocks, it dissolves some of the minerals 
and takes various ions into solution. This makes “hard water.” 
(Ice is hard water, too, but that’s different.) All underground 
water contains ions in solution. So does ocean water, lake 
water, and river water. Water with relatively few ions in 
solution is called “soft water.” In some places the water is so 
hard that people have to use water softeners to remove some 
of the ions. 

In the study of weathering in Chapter 4, you learned that 
ground water is commonly acidic because of the dissolved car- 
bonic acid in it. Acidic water easily dissolves limestone. 
Tiny cracks in limestone can thus be widened into great caves 
(Figure 8.15). Mammoth Cave, Kentucky, has more than 240 
kilometers of explored passages, complete with bats, rats, 
and blind fish. Caves of one size or another are found in most 


states. 

And just as in surface erosion, the eroded material is 
deposited elsewhere. Calcite, the most easily dissolved common 
mineral, may be deposited by ground water as cement in sand- 





Figure 8.15 Water seeping 
through the ceiling of this cave 
deposits on the ceiling some of 
the calcium carbonate dissolved 
in it, forming iciclelike objects. 
Calcium carbonate is also de- 
posited on the floor of the cave 
by the drops of water. 
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stones or as cave formations. Or it may reach the surface and 
be deposited by springs. Or it may finally reach the sea to 
be deposited as beds of limy sediment that eventually become 
limestone. 





activity 8.3 Porosity 


In this activity, you will determine the porosity (amount of 
holes or pore spaces) in different materials. You will need three 
500-milliliter glass beakers, a 100-milliliter graduated cylinder, 
marbles of average size (enough to fill one beaker to the 300-ml 
mark), fine lead or copper shot (enough to fill one beaker to 
about the 150-ml mark), and gravel or sand (enough to fill one 
beaker to the 300-ml mark). 
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Carefully fill one beaker to the 300-ml mark with marbles. 
Pour water from a full 100-ml graduated cylinder into the 
beaker of marbles, to the 300-ml mark. How much water did 
you pour in? Now you can easily calculate the percentage of 
pore space in the “marble material’’. 

Fill a beaker with marbles to the 300-ml mark, and add 
enough shot during the filling process to fill most of the holes 
between the marbles. Pour water in again. Calculate the 
percentage of pore space in the “marble plus shot material.” 

Fill a beaker with gravel or sand to the 300-ml mark. Again 
add water and calculate the percentage of pore space. 

Compare all your numbers. Are there any differences? 
What can you say about how the sorting of sediment affects 
the porosity? What do you think is the greatest percentage 
of pore space that a rock can have? Would the “sediments” 
you have just worked with be good ones to drill into for water, 
gas, or oil? How would the presence of calcite or quartz cement 
or fine mud in a sandstone affect the porosity? 


eR ESSE RTE TY 
CrCl eg@ Ol Rat ACans 
1. Are there great rivers under the ground? 


2. Do all sediments or rocks below the surface contain abun- 
dant water? 


3. How are limestone caves formed? 


4. In areas that have porous rocks beneath the surface, would 
a person have to be very expert to locate a producing water 
well? 


GLACIERS 


“Ice! Ice! Ice! When are we going to get rid of all this ice?” 
People in northern North America, northern Europe, and 
northern Asia may have been saying that as recently as 10,000 
or 20,000 years ago. Glaciers (moving ice masses) were very 
important features of that time. Then, ice covered 30 percent 
of Earth’s land surface; today it covers only 10 percent, and 
most of this is in Antarctica and Greenland. Yet we do live ina 
geologic age when glaciers are important, and in order to 
fully understand the erosion of Earth’s surface, we must 
study glaciers. 
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How do glaciers form? There are two main types of 
glaciers. Continental glaciers cover Antarctica and Green- 
land today, and valley glaciers occur in the mountainous 
regions of the world. Both types can be seen in Figure 8.16. 
How on earth do they form? 

Glaciers form in areas of heavy snowfall, where more 
snow falls each year than melts. As the snow becomes thicker, 
more and more pressure is placed on the underlying snow- 
flakes. They melt at the point where they touch each other, for 
the pressure is higher there. The water moves to nearby points 
of lower pressure, and refreezes there as small solid ice 
crystals. (You do this when you make a snowball with your 
warm hands.) Thus as more snow accumulates each year, 
more turns to ice. The ice may eventually become hundreds 
or thousands of meters thick. 

When the ice becomes thick enough, it may begin to move 
or “flow.” This is a result of gravity and the great weight 
of the pile of snow and ice on the bottom ice. Once the ice is 
moving, it is a glacier. 


Movement of glaciers. The ice cap in Antarctica seems 
to be moving very slowly, but valley glaciers often move a 
few centimeters to several meters per day. On steep mountain 
slopes some valley glaciers have moved as much as a hundred 
meters a day. Friction of the ice on the material beneath 
affects the speed of glacial movement. 

One of the earliest estimates of the rate of glacial move- 
ment was made in the Alps. An avalanche thundered down 
from a high peak onto a valley glacier. It swept three moun- 
tain climbers to their deaths, essentially making them a part 
of the glacier. A scientist predicted that the men would appear 
at the melting lower end of the glacier in 35 to 40 years. 
Forty-three years later they showed up, dead. 

People commonly think that glaciers act like gigantic 
bulldozers, pushing and running over everything in front of 
them. This isn’t quite true. Whenever they can, they take the 
easy path around an obstacle rather than climb over it. And 
the easiest paths for valley glaciers are existing stream 
valleys. We know that liquid water flows downhill. Frozen 
water behaves in much the same way. Even the large con- 
tinental glaciers of the past moved fastest along paths of 
least resistance. So the advancing fronts of continental 
glaciers were not straight, high walls of ice. They were un- 
even, with “tongues” of ice that moved faster down stream 





Figure 8.16 The valley glacier 
(the closest part of the picture) 
is flowing over the top of and 
down the side of a high rock 
ridge. The supply of ice for the 
glacier is coming from the higher 
continental glacier in the dis- 
tance. 
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valleys and other low areas. And the ice, although perhaps a 
thousand meters thick, wasn’t always thick enough to cover 
everything. 

Glaciers continue to advance only as long as the climate 
is cool enough to prevent too much melting. When the cli- 
mate warms, glaciers must retreat. Does this mean that they 
pack up their icebags and head back to a colder climate or back 
up the mountain to a cooler altitude? No, it simply means 
that the fronts of the glaciers melt back. The ice within a 
glacier may continue to move forward, but the glacier is 
melting at its front end faster than it is moving forward. 


Erosion by glaciers. Glaciers are effective agents of 
erosion, but they aren’t as powerful as you might think. You 
may have heard that the glaciers of the past eroded away the 
old mountains of Canada and the Lake Superior region. The 
truth is that they removed the weathered rock and probably 
only a few tens or hundreds of centimeters of unweathered 
rock. (Locally, maybe, a little more.) It was our old friend 
running water, working slowly but surely, that accomplished 
this task millions of years before the glaciers appeared! 

Glaciers easily pick up and carry loose material of all 
sizes. The particles then serve as tools in the ice, and the bot- 
toms of glaciers act like great sheets of sandpaper. The bed- 
rock, and the tools themselves, become scratched and grooved 
and even polished. 

Valley glaciers with these tools do erode much solid rock. 
They change the V-shaped mountain stream valleys in which 
they are moving into broader U-shaped valleys, which are 
sure signs of a glacial history (Figure 8.17). Each valley 
glacier starts high in the mountains, where it erodes a basin- 
shaped depression (Figure 8.18). 





Figure 8.17 (below left) The 
rounded bottom and steep sides 
of this U-shaped valley are typi- 
cal of mountain valleys that 
have been eroded by glaciers in 
fairly recent times. 


Figure 8.18 (below right) Basin- 


shaped depressions like the one 
shown are common. sights’ in 
mountains that have been eroded 
by glaciers. 
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Deposition by glaciers. When glaciers are no longer 
healthy, they slow down, melt back, and drop their heavy loads 
of sediment. The sediment is either deposited by the ice itself 
or by the running water from the melting ice. Ice-deposited 
material is called glacial till (Figure 8.19). It is unsorted be- 
cause, unlike water and wind, glacial ice picks up and drops 
material varying in size from specks to small houses. How- 
ever, sediment deposited by meltwater from glaciers will be 
sorted into layers of finer and coarser grains like any stream- 
deposited material. Sand and gravel pits in glaciated areas 
are examples of meltwater deposits. 

Glaciers that are no longer advancing, but in which the 
ice is still moving forward, deposit till along their fronts as 
long ridges called moraines. Melting glaciers also drop much 
of their load beneath them as a layer of ground moraine. 
Ground moraine in Minnesota is commonly 60 meters thick, 
and in some areas of central Michigan it is more than 350 
meters thick. In Figure 8.20, the dark strips are also moraines 
deposited along the sides of valley glaciers. Do you think 
they are unsorted till or sorted sediments? 


Special effects of glaciation. The continental gla- 
ciers that existed until about 10,000 years ago were respon- 
sible for many of the land features that we see today. The 
depressions now occupied by the Great Lakes were at least 
partly dug out by the glaciers, and the lakes were much larger 
when they were dammed by ice and moraines and were filled 
by the meltwaters. These larger lakes were commonly much 
deeper than the present lakes. For example, old shorelines of 
ancestral Lake Superior are now located 150 meters above 
the present lake level. 








ice- 


Figure 
deposited glacial till can be seen 
behind this scientist. 


8.19 Unsorted, 


Figure 8.20 As the= smaller 
glaciers feed into the larger 
glacier, the moraines along their 
sides become. strips running 
down the middle of the larger 
glacier. 
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Glacial Lake Agassiz, which covered large parts of 
Manitoba, Ontario, Minnesota, and North Dakota, was formed 
by meltwater. It was probably the largest freshwater lake 
that ever existed on Earth. The countless smaller lakes of 
Wisconsin, Michigan, Minnesota, Manitoba, and Ontario are 
also due to glaciers. Most of them were either dug out of bed- 
rock by the glaciers, or they formed in hollows on or behind 
moraines and other deposits. (Do you know what slogans are 
printed on the license plates of Minnesota, Michigan, and 
Manitoba?) 

Even in the dry southwest of the United States, where 
the continental glaciers did not reach, glaciation had its 
effects. Climatic changes due to the presence of glaciers to the 
north caused so much rainfall that numerous lakes were 
formed. Most of these have since dried up completely. Great 
Salt Lake in Utah is one of the few remaining ones; it was 
once much bigger. 

Most geologists agree that the great weight of the con- 
tinental ice sheets caused the underlying crust to be pushed 
downward. Now, 10,000 years after the glaciers melted, the 
crust is still rising. The greatest rises are in the Great Lakes- 
Hudson Bay region and in the Scandinavia-Finland region, 
where the glaciers were the thickest. In places the rate of 
uplift is about one meter per century, pretty fast for crustal 
movements. 


Is the Ice Age over? Is there more ice in our future? 
We know that the glaciers melted back about 10,000 years 
ago. Geologically speaking, this is just “yesterday,” so they 
could well return “tomorrow”! Although the climate seems to 
have been warming up for the past 100 years, most geologists 
believe that glaciers will probably return sometime within 
the next 100,000 years or so. Some even suggest that they 
might return in 5,000 years, based on a cooling trend since 
1940. 

The last advance of ice from the Arctic probably started 
70,000 years ago, and the ice has made four major advances 
and retreats in the last one or two million years. This repeti- 
tion certainly indicates that glaciers may advance again. 
Perhaps once, perhaps a dozen times, or perhaps a hundred 
times! But we can be sure of only this—there will either be 
more glaciation, less glaciation, or the same amount as at 
present! Don’t lose any sleep over it—you’ll be long gone 
by then! 
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CHE GkKe eet Raia CaS 

1. Where is most glacial ice found today? 

2. What are the two main types of glaciers? 

3. What happens to a glacier when the climate warms? 
4 


When did the last advance of ice from the Arctic begin? 


WIND 


Winds are far more important to us because of their effect 
on weather and climate than because of their eroding powers. 
Only in dry climates are winds important agents of erosion 
and transportation. Why? Because wet sediment is generally 
too sticky to be eroded by wind and too heavy to be trans- 
ported. 

Deserts, the result of dry climates, cover about one fourth 
of Earth’s land area. And since there are deserts in the south- 
western part of the United States, no study of erosion would 
be complete without a short section on wind. Most of us think 
of deserts as vast expanses of sand dunes, piles of windblown 
sand (Figure 8.21). Actually, dunes occur only in parts of some 
deserts, and furthermore, not all sand dunes are in deserts. 
The requirements for sand dunes are simply loose, dry sand 
and strong winds. Small groups of sand dunes are present 
along many beaches of oceans and lakes. 





Figure 8.21 


Sand dunes. 
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Erosion and deposition by wind. Air is only zo as 
dense as water, and therefore cannot carry the heavy particles 
that water can carry. Wind can move faster and can be more 
turbulent than water, but in spite of this, wind can move only 
small particles. (We will ignore the rare tornadoes and hur- 
ricanes that are capable of moving houses!) Sand grains 
are rarely lifted more than a meter above the ground, and 
then are moved only short distances. Clay and other fine par- 
ticles can be lifted thousands of meters above the ground and 
transported thousands of kilometers. However, even in desert 
areas, the running water from a few rainstorms a year prob- 
ably erodes much more material than wind does. 

Dust storms are common, but true sand storms are rare. 
A long drought occurred in the Great Plains area of Kansas 
and Oklahoma in 1933, 1934, and 1935. This, together with 
poor farming methods, allowed winds to blow away much of 
the fine topsoil. This resulted in the “dirty thirties” and the 
famous “Dust Bowl” (Figure 4.6). The big dust storms dark- 
ened skies along our eastern coast, and even far out to sea! 

Much of the fine sediment that settles in the deep oceans 
far from continents and islands was carried there by wind. 
And someone has suggested that every square kilometer of 
Earth’s land area probably contains some fine material from 
every other square kilometer of land on Earth. 


Chir yew Re BAG TEs 


1. In what climates are winds important agents of erosion 
and transportation? 


2. Are all sand dunes in deserts? 


MAN AND CHANGE 


An agent of erosion that we have barely mentioned is man 
himself. We are near the bottom of the list in total effective- 
ness to date, but we’ve had a rather late start. We are, how- 
ever, coming on strong. In only a few centuries, we have 
greatly increased nature’s rate of erosion. Bad farming meth- 
ods, over-grazing of grasslands, and over-cutting of forests 
have led to increased soil erosion. Much of our land will never 
again be as fertile as it once was. Much topsoil that took tens 
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of thousands of years to form has been washed away and 
stripped of its nutrients in a short time. 

We need more land for homes for our growing population. 
So we “develop” the countryside by subdividing it into small 
lots and erasing the natural look. We fill in or drain the ugly 
swamps that, after all, are used only by ducks and muskrats 
and insects, and the songbirds that feed upon the insects, and 
the animals that drink the water, and a few dozen other kinds 
of plants and animals that are links in the food chain. We 
cut paths through the forests for power lines, very wide so 
trees can’t fall on the wires. And to make sure that trees and 
brush don’t grow there, or along roadsides, we spray with 
poisonous chemicals. We cut down the big trees, which bring 
enough income to pay for the bulldozers that make the wide, 
straight roads. On the homesites, the first step sometimes is to 
bulldoze down the trees and scrape off all other natural 
vegetation. This poses no problem, because small shrubs can 
be planted later, if enough good soil remains after the man- 
made erosion. And on, and on, and on.... 


APPLYING WHAT YOU HAVE LEARNED 


1. How would the building of more dams along the Grand 
Canyon of the Colorado River, and elsewhere along its course, 
affect the rate at which the Colorado River erodes its valley? 


2. Which river has the largest drainage basin—the Mis- 
sissippi or the Amazon? Does this account for the difference 
in amount of water carried by each? 


3. The Mississippi River transports, on the average, close to 
200,000,000 kilograms of clay and silt to the Gulf of Mexico 
each day. How many railroad car loads is this if each car can 
carry 70,000 kilograms? . 


4. You learned that the Amazon’s daily discharge of water 
would cover Texas to a depth of about 2.5 centimeters or New 
Jersey to a depth of about one meter. How deep a layer of 
water could it deposit over your state in a day? (liint: use 
ratios of area and depth). 


5. If you were a spelunker (one who likes to explore caves) 
and wanted to find a previously undiscovered cave system, 
what would be the first information you would need to pick 
out a good area in which to search? 
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6. It has been estimated that when the continental glaciers 
were most widespread, sea level was as much as 135 meters 
lower than it is today because of all the water tied up as gla- 
ciers. From a map of North America and the adjacent con- 
tinental shelves, figure out where the coastlines of North 
America would have been. Which present-day seaports would 
have been high and dry? 


7. What would happen to the coastlines of North America 
if all the present glaciers melted? How much would sea level 
rise? Figure it out from the following data: Glaciers today 
cover about 15,500,000 square kilometers; the average ice 
thickness is close to 1 km; the oceans cover about 360,000,000 
square kilometers; ice has a specific gravity of about 0.91 
(water expands when it freezes, and when it melts it occupies 
only .91 of its previous volume). If sea level rose that much, 
which of our major cities would be under water? 


8. In studying the water cycle, you learned that the total 
amount of water on Earth stays about the same. However, 
there is probably a small amount of water added to the total 
each year. Where does it come from? Also, a small amount is 
essentially removed each year, and probably doesn’t reappear 
for millions of years. Where does it go? 


9. Keeping the friction of glacial ice on solid rock in mind, 
which part of a valley glacier do you think should move the 
fastest? Make a sketch. 


10. Why might a water well “go dry”? There was an instance 
where a big factory moved into an area and drilled a deep 
well. Not too long afterwards, nearby wells at various homes 
went dry. Why? 


NEA ew ORDS 


leveling (p. 148) alluvial fan (p. 152) 
weathering (p. 148) erosion cycle (p. 155) 
erosion (p. 148) water table (p. 158) 
deposition (p. 148) glacier (p. 161) 

avalanche (p. 149) continental glacier (p. 162) 
landslide (p. 149) valley glacier (p. 162) 
water cycle (p. 150) glacial till (p. 164) 
sheetwash (p. 151) meltwater deposit (p. 164) 
drainage basin (p. 151) moraine (p. 164) 


delta (p. 152) sand dune (p. 166) 
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Figure9.1 About 75millionyears 171 
ago, this giant turtle swam in a 

shallow sea over what is now 

South Dakota. 


chapter 9 
Change Through Time 


If you take a course in the history of civilization, most of what 
you learn is determined by studying the writings of people who 
lived during the past. But how do you study geological history 
—that is, the history of Earth? No one was around when Earth 
was born. No one was around to record its birth and its long, 
long history. Obviously, to study geological history, you need 
something other than written records. 


THE RECORD IN THE ROCKS 


Sedimentary rocks are the most common rocks exposed on 
Earth’s surface, and they are the most commonly used record of 
what happened on Earth in the past. Sedimentary rock, as you 
know from previous chapters, began as sediments. Many sedi- 
mentary rocks are folded and tilted, but the folding and tilt- 
ing happened after the sediments were deposited. The sedi- 
ments that formed the rocks shown in Figure 7.1 could not 
have been deposited that way, could they? 
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Principle of superposition. It is a general principle in 
geology that most sediments are deposited horizontally. For 
example, the mud being brought by a stream into a lake will 
settle through the water to form a fairly flat layer on the 
bottom. A teaspoonful of sugar in a glass of water will do the 
same thing, and so will sediment in the sea. If sediments are 
added each day to a lake, today’s will lie on top of yesterday’s. 
So we can say that in a pile of sediments, the oldest are at the 
bottom and the youngest are on top. If these particles of sedi- 
ment become compressed by the weight of the ones on top of 
them, or if other physical and chemical actions occur, they will 
stick together and become sedimentary rocks. Even if they 
later get folded and tilted so they are no longer lying flat, 
they normally do not change position in relation to each other. 
As long as the earth scientist can tell which way was “up” 
in the past, he can use the idea that any sedimentary rock 
farther up in the pile is younger than the one below it. This is 
called the principle of superposition (Figure 9.2). 


Correlation of rocks. The principle of superposition tells 
us which layers are older and which layers are younger in 
a rock formation. But what if we are studying two rock forma- 
tions far apart from each other? One step in finding out the 
geological history of an area is to compare the rocks in differ- 
ent parts of the area and try to match them according to age. 
This matching process is called correlation. Rocks in one 


Figure 9.2 The principle of superposition tells us that the sediments 
were deposited in the alphabetical order shown. Uplift, tilting, and 
erosion occurred before rocks E through H were deposited. 
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TWO SANDSTONE EXPOSURES 
20 KILOMETERS APART 



































DIFFICULT TO CORRELATE WITHOUT FOSSILS 


Figure 9.3 The layers with dots 
in them are sandstones. In the 
area, for example Illinois, may be compared to those of an- upper diagram, it is easy to see 


other area, for example Iowa. If you found a sandstone exposed that sandstone 1 in the middle is 
j ‘ : ‘ j the same as the upper sandstone 
in Illinois and one exposed in Iowa, how could you determine 4, the right. After folding has 
if they are from the same sandstone bed? As you have seen happened (lower diagram), how 
from your study of uniformitarianism, the processes that Ca” you tell if the sandstone on 
Brae the right is 1 or 2? 
formed sandstones millions of years ago were the same proc- 
esses that formed them thousands of years ago, and that are 
forming them today. So we can't really tell if the two sand- 
stones are of the same or of different ages. To correlate the 
two sandstones, we must match them according to their posi- 
tion in the total pile of rocks in the area. And if we find fossils 
in the sandstones, the fossils will make the job of correlation 
much easier (Figure 9.3). 
Even if the sandstones in I]linois and Iowa were tilted, we 
could still determine “up” and then study the layers of sedi- 
mentary rocks “below” and “above” them. Once these rela- 
tions are known, we can then try to correlate the two. If they 
did correlate, we would know they were of the same age. How- 
ever, we still could not tell what that age was in years, unless 
more information was available. 
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Sometimes correlation can be very difficult, even over a 
relatively small area. For example, rocks deposited at the 
same time in the same body of water are often not the same 
kind of rock. As a person wades out into a lake, he may begin 
walking on sand, but often, before he gets over his head, he 
feels mud. In the seas that covered most of the United States 
in the past sands may have been accumulating near the shore, 
while farther out to sea muds may have been accumulating. 
So the correct time match would be between a sandstone and 
a shale. If the sea that once covered what is now Illinois was 
shallow while the same sea to the west in Kansas was deeper, 


Figure 9.4 Various fossils are shown in these photo- 
graphs. At left is a fossil brachiopod. The form of the brachio- 
pod shell was preserved by sea bottom mud many millions 
of years ago. At the lower left is a horsetail plant. The plant 
decayed, but the carbon in it remains as a thin black film 
on the rock. Shown below are fossil dinosaur bones. 
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the Illinois rocks might be sandier than those of the same age 
found in Kansas. Perhaps we would find a beach deposit with 
ripple marks still farther east. All could be of the same age, 
but they would be different rocks formed in different environ- 
ments. The rocks may also have different thicknesses. In our 
example, the sand may have been deposited faster and may 
be one meter thick after 1000 years, while the mud to the west 
may be only five centimeters thick after 1000 years. 


Fossils. The fossil remains of once-living animals and 
plants are often found in sedimentary rocks, especially shales 
and limestones (Figure 9.4). When an animal or plant dies and 
is buried, it may be preserved, especially if it has hard parts 
such as shells or bones. Of the animals that lived at any one 
time, very few are preserved. Animals that live in water have 
the best chance of being fossilized. Particles of mud or lime 
that settle to the bottom may cover them, and if the water is 
still, it will not break up the hard parts. Animals and plants 
that lived on land are fossilized less often. For example, today 
you can often dig down in the mud of lakes or oceans and find 
shells. If the mud hardens, as more mud depositing on top 
pushes down and changes it to rock, the shells will remain. 
But if you dig down into the soil of Wyoming, where millions 
of buffalos were living and dying for thousands of years before 
Europeans came to this country, you would not find many 
bones. Coyotes and other animals gnawed the bones, rains 
washed them away, and only a few were buried rapidly enough 
to be preserved. 

There are other less common ways to preserve things. The 
woolly mammoth, a type of elephant, lived in cold regions and 
has been found preserved in glacier ice. The animals were 
preserved in ice somewhat as we preserve pork chops in a 
deep freeze. Oil-seeps on Earth’s surface can also help pre- 
serve plants and animals. If an animal falls into one of these 
that is of thick heavy oil, or “tar,” its skeleton stands a good 
chance of being preserved. The famous La Brea tar pits in 
California have yielded many excellent fossils. 

For many centuries, men noticed that one group of fossils 
in a layer of rock could be very different from the group in 
another layer only a meter or so above or below. Some believed 
that each group in a lower (or older) layer was destroyed by 
some catastrophe and the next higher (or younger) group 
sprang up independently. However, as more and more rocks 
and their fossils were studied, scientists began to see that 
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START 


fossils from one layer did not always differ very much from 
fossils in the layers above and below. The fossils in the dif- 
ferent layers, though separated in time, seemed to be related. 
Eventually men came to accept the idea that populations of 
animals and plants change gradually over periods of time. 
New, different populations do not just spring up independently. 
Figure 9.5 shows how one population of snails (A) can change 
so much that eventually two entirely different populations (N 
and Y) are produced. 


Figure 9.5 Suppose that snail A 
is a typical individual from a 
population of snails that lived 
some time in the past, and sup- 
pose that a river (or some other 
geographical barrier) developed, 
splitting the population into two 
groups. Each group kept chang- 
ing. After 1000 years, two varieties 
could be detected, “A West” and 
“A East.” If some “A East” snails 
were carried over to the west 
side, they could get together with 
“A West” snails and have snail 
babies. After a much longer sepa- 
ration, say 20,000 years, “A 
West” and “A East” no longer 
exist. They have changed into 
two very different populations, 
M and X. An M snail and an X snail 
could not produce babies. Each 
could breed only with members of 
its Own population. M and X are 
no longer varieties of A, but new 
species. A-long time later, M has 
changed to N and X has changed 
to Y. Change never stops. 
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Now do you see why fossils are so useful in correlating 
rocks? They are useful because animals and plant populations 
are always changing. Thus, if we find a group of fossils in 
rocks in Texas and the same kind of fossils, or a very similar 
kind, in rocks in Montana, the two rocks are of approximately 
the same age. We say “approximately” because it takes thou- 
sands or even millions of years before a population changes 
enough to produce a visible difference. 





activity 9.1 Using fossils to relate rocks 


Rocks that contain few or no fossils are difficult to match in 
age. It is much more certain that two rocks are related if more 
than one kind of fossils can be used to match them. Figure 9.6 
shows five groups of common fossils. Each group was found in 
rock layers many kilometers apart in different states. Group 
A is from the uppermost, or youngest, layer. See if you can fit 
the groups into the proper age order. 





By the method you have just used, geologists can arrange 
rocks in order. The principle of superposition and the idea 
that populations of living things were always changing allow 
us to “fit” rocks together and put them in order according to 
age. However, we still don’t know their actual ages in years. 
We only know their relative ages (that is, we know that one 
rock is older or younger than some other rock.) To find out 
their actual ages, we need something else. We need some kind 
of “Earth clock.” 


CEC K<eav.@ Oi Reis Gales 

1. What is the principle of superposition? 

2. How were fossils formed? 

3. How do fossils help geologists to correlate rocks? 


4. Why must rocks that contain the same fossil fauna (all ani- 
mals of a particular time or place) be of about the same age? 
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MEASURING TIME 


A few centuries ago our planet was considered to be only a 
few thousand years old. This made it very difficult for earth 
scientists to explain some things. Fossil sea shells different 
from those living today were found in rocks thousands of ki- 
lometers from the present oceans and sometimes in the rock 
layers of high mountains. If the fossils were once animals 
living in a sea, and the sediments accumulated over them and 
eventually became rock, and the rocks were pushed up to form 
mountains, then a few thousand years seems much too small a 
number for the age of Earth. Much more time seems to have 
been needed for all this to have happened. If all this took place 
in a few thousand years, Earth must have been a violent 
planet. But some scientists didn’t believe the Earth was so 
young. These were the scientists who believed that things 
changed gradually over periods of time. They maintained that 
neither the rocks nor the delicate fossils within them looked 
as if rapid and violent changes had occurred. They said things 
happened more slowly, not so very much differently from now. 
But they needed time if they were to be believed. 


An early estimate of time—the cooling Earth. 
Sun’s heat supplies most of the warmth necessary to support 
life on Earth, but Earth also has some heat of its own. You 
have already learned how Earth’s temperature increases as 
you go deeper into Earth. Not very long ago scientists believed 
that this heat inside Earth was left over from the time when 
Earth was a mass of molten material. Let us imagine this ex- 
ample to explain the old idea about Earth heat: If you heated 
a cannonball to its melting temperature and then let it cool 
in the air, the surface would cool first. Inside the cannonball 
it would still be hot, even when you could touch the outside 
without blistering your finger. 

If Earth’s heat was due to such a simple cooling-off pro- 
cess from its once-molten state, the rate of cooling could be 
used to get Earth’s age. It was thought that if we could mea- 
sure the total amount of Earth heat being lost to space every 
year, we could calculate how long this must have been going 
on to allow Earth to cool from a molten mass to a body with the 
present surface temperature. 

Several physicists made this calculation in the 19th cen- 
tury; the calculations indicated that Earth had been molten 
about 20 to 50 million years ago. This gave the geologists 
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Figure 9.6 Each group of fossils was found in a layer of rock many kilometers away from where the other 
groups were found. Correlate the rocks according to their age, youngest to oldest, by using the fossils 
found in them. The group from rock A is the youngest. 
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much more time to use in explaining the origin of Earth 
features, but also created new problems. Earth must have been 
still fairly hot not too many millions of years ago, so animals 
and plants could not have existed for very long. The paleon- 
tologists (scientists who study ancient forms of life) were quite 
disturbed about this, but neither they nor the geologists could 
find good arguments against the results of the physicists; 
numbers are so hard to argue with. Tens of millions of years 
is better than a few thousand, but the earth scientists needed 
more. 


Estimates based on fossils. If animals and plants 
changed through time, a great deal of time seems to have been 
needed to account for all the different fossils found. The 
changes were thought to occur slowly in most cases, and some 
estimates of the rate were made. Of course the time for one 
group to change noticeably may not be the same as for another 
group. For example, the fossils of one kind of snail may not 
show any noticeable change during 5 million years; yet an- 
other kind of snail may have changed so much that when you 
look at one group of these fossils, you might have trouble 
figuring out who their ancestors were 5 million years before. 
Figure 9.7 shows some examples of different rates of change. 
The fossil foraminifera from about 100 million years ago look 
almost identical to modern ones. The fossil shell of the am- 
monite from about 150 million years ago does not look much 
like a modern relative, the squid. Of its modern relatives, only 
the nautilus of the Pacific has a hard outside shell. 





Figure 9.7 (below) At left is a 
photograph of a foraminifera shell 
from about 100 million years ago. 
The shellis about the size of apin 
head; a one-celled animal lived 
inside. It floated about in a sea 
over what is now South Dakota. 
It died, sank to the bottom, and 
was buried and preserved. In the 
middle is a foraminifera shell 
netted from a modern sea. Things 
haven’t changed much in 100 
million years! At right is a fossil 
ammonite shell of about 150 million 
years ago. It does not look like 
most of its modern relatives. 


Things have changed a lot. 
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The reasons why different groups change at different rates 
are complex and not all are known. However, half the fun of 
science is in thinking about such things and making educated 
guesses. The important thing to realize is that change is al- 
ways going on. 

Some early estimates based on fossil changes indicated 
that certain rocks with fossils had been deposited over 200 
million years ago. And these were not the oldest rocks. But 
no one was able to prove that the rocks were that old; they 
could only say that they thought so. The “Earth clock” still had 
not been found. 


Radioactive decay, the “Earth clock.” At about the 
beginning of this century, it was discovered that a piece of 
uranium ore would expose a piece of photographic film in the 
dark. Instead of light rays exposing the film, as in a camera, 
there were other, invisible rays coming from the uranium. 
Some forms, or isotopes, of certain elements emit these rays 
along with atomic particles. Such isotopes are said to be radio- 
active. (Isotopes of an element are atoms of that element that 
have different weights because they have different numbers 
of neutrons in their nuclei.) As radioactive isotopes give off the 
rays and particles, two other things happen. They change into 
other isotopes, and they give off heat. For example, one isotope 
of uranium changes to an isotope of lead, one isotope of carbon 
changes to an isotope of nitrogen, and one isotope of potassium 
changes to an isotope of argon. 

Today we put radioactive isotopes to many uses. In hospi- 
tals we use the emitted rays and particles to kill cancer cells, 
and in atomic power plants we use the heat energy of the iso- 
topes to produce electricity. To the earth scientist, however, 
the importance of radioactive isotopes is in their change to 
other isotopes and in their heating of Earth. The heat given 
off as they change is now known to be the source of most of 
Earth’s internal heat. So our planet is not just cooling off from 
a once-molten state. It has, in the radioactive isotopes in rocks, 
its own heat source! Here is the reason the heat-loss estimate 
of Earth’s age was wrong. 

Soon it was found that each radioactive isotope changes to 
another isotope at a particular rate. To measure this rate, 
scientists use the time unit called half-life (Figure 9.8). One 
half-life is the time it takes for one half of the original isotope 
to change to the other isotope. For example, think of a radio- 
active isotope of element Y that changes to a stable (unchang- 
ing) isotope of element Z. By careful measurement, scientists 
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Figure 9.8 Part (a) shows a 


fal fram ‘om m familiar way things change into 
I! I lf aa other forms. A candle is “decay- 
| I | | {| fot ing,” or changing, into light, heat, 
| | gases, and soon. lf you measured 
ly | | : it after two hours and found it 
1 | | CANDLE COMPLETELY half gone, you could truthfully 
| | CHANGED TO HEAT, say: “After four hours it will be 
be! LIGHT, GASES, ETC. all gone.” Its rate of change forms 
2 HOURS 4 HOURS a straight line going to zero. 
1/2 REMAINS ALL GONE Part (b) shows how a radioactive 
(a) ONLY 3/4 RADIOACTIVE element “Y” with a half-life of two 
ELEMENT “Y’’ CHANGED hours would decay to element 
TO ELEMENT “2” “Z.” As with the candle, after two 
st = IF] I “I ry cr hours it will be half gone. But, 
(Z| | | I | ih L [| if instead of nothing remaining after 
bea \Z| fe ia | | four hours, there still will be one 
Pl (71 vA cS | | quarter left. Its rate of change 
Y fc} i : : heal e forms a curved line, and a long | 
Ne leet | Ti | | time will pass before the last atom 
i Y rj | I | has decayed to element “Z” and 
the line reaches zero. 
2 HOURS 4 HOURS 6 HOURS 
1/2 REMAINS 1/4 REMAINS 1/8 REMAINS 
(1 HALF-LIFE) (2 HALF-LIVES) (3 HALF-LIVES) 


have determined Y’s half-life to be 100 years. If there was one 
gram of Y to begin with, after 100 years there would be only 
half a gram left. The other half has become energy, atomic 
particles, and element Z. This half gram of Y during the sec- 
ond 100 years would again change by one half, and only one 
quarter of a gram would be left—a half of a half. How much Y 
would remain after 300 years? 

Here at last is our “Earth clock”! Some radioactive iso- 
topes have a half-life of a fraction of a second; some have a 
half-life of billions of years. To understand how the age of a 
rock is measured, let’s consider a radioactive isotope of the ele- 
ment rubidium that changes to a stable isotope of the element 
strontium. Minerals containing rubidium are quite common on 
Earth. For example, mica often contains a small amount of ru- 
bidium. (The rubidium became part of the mica when the mica 
was formed.) A small amount of mica is all that is needed for 
modern laboratory instruments to measure the amounts of 
radioactive rubidium and its offspring strontium. Rubidium 
changes to strontium with a half-life of 47 billion years. Very 
slowly indeed. Since the isotope of strontium that we measure 
in the mica all came from the rubidium, we can know how 
much rubidium there was in the beginning by adding all the 
atoms together. For example, if we measured the equivalent 
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of 400 atoms of radioactive rubidium and 400 atoms of stron- 
tium, there must have been 800 atoms of rubidium to start 
with. Since one half of it had changed, 47 billion years must 
have passed since the mica was formed. (Of course in samples 
that have been measured, far less than one half of the rubid- 
ium has changed to strontium.) 

By using this method and other similar methods, earth 
scientists have dated some rocks as being well over 3 billion 
years old! By relating these rocks to older ones in which there 
are no minerals that are good for age measurements, and by 
measuring the age of meteorites, which come from our solar 
system, we now have a good idea how old our Earth is: about 
45 billion years. 4,500,000,000 years, when only 200 years ago 
men thought Earth was about 6,000 years old! The immense 
length of time that we now think has passed on Earth makes 
it much easier for us to try to explain Earth’s history. 


Geologic time scale. Before the “clock” of radioactive 
change was discovered, earth scientists still needed to arrange 
the age of rocks in some way. By using the principle of super- 
position, and by comparing fossils, they were able to divide 
rocks into groups according to relative age. Trial and error 
changed this many times. As more was learned about America, 
it was seen that the same fossils, or at least very similar ones, 
were here as well as in Europe. Not only were they here, but 
they first appeared in layers of rock and disappeared in other 
rocks higher up in the pile in the same sort of pattern as in 
Europe, England, and other places. From this kind of observa- 
tion, through the work of many earth scientists, the geologic 
time scale was formed (Table 9.1). 

The geologic time scale was worked out by grouping rocks 
according to relative age. The relative age of a rock is de- 
termined chiefly by the fossils it has or does not have. The 
various groups were given names. Many of the names were 
chosen from some name relating to the area where the rocks 
were first studied. An example from the time scale is “Cam- 
brian”; Cambria is the old Roman name for the southwestern 
part of Britain where these rocks were first studied. If the 
earth scientist wishes to describe a particular sandstone that 
occurs just below the lowest rocks with Ordovician fossils, he 
will use “Cambrian” as part of the description, no matter what 
part of the world it is found in. This practice allows any sci- 
entist in the world to know the age of a rock relative to other 
rocks. Since the discovery of radioactive dating methods, the 
actual age in years can be assigned to each group. 


Table 9.1 


Geological time scale 
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Quaternary first men 


first manlike 
fossils 


extinction of dinosaurs 


first flowering plants 


first birds 

first mammals 

first dinosaurs 
extinction of trilobites 
first reptiles 


forests of coal- 
forming plants 


first large land 
animals (amphibians) 


first large land plants 


first air-breathing 
animals (scorpions) 


first animals with 
backbones (fish) 


trilobites, etc. 
first common fossils 
rare animal fossils 
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celled plants 
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North America and 
Eurasia glaciated 


Pacific Coastal 
Mountains rising 


Andes, Alps, and 
Himalayas rising 


U.S. and Canadian 
Rocky Mountains 
rising 


Sierra Nevada rising 


Appalachian Mountains 
rising 


Acadian Mountains of 
Eastern Canada and 
New England rising 


Taconic Mountains of 
New York and Quebec 
area rising 


Many mountain 
ranges 
formed and 
worn down 


Origin of Earth 


** measurement on time tape if 1 billion years = 1 meter 
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activity 9.2. Making a time tape for Earth 


To get a better idea of geologic time, you can make a time tape. 
Get a piece of paper tape 5 meters long from an adding ma- 
chine. Let us imagine that each meter is equal to one billion 
years of time! Draw a line across the tape at the left end to 
represent the beginning of Earth. From this line measure 2 
meters and 50 centimeters and make a mark. That mark is the 
age of the oldest rocks in which good evidence of life has been 
found—2 billion years old. In this chapter you will sometimes 
find a measurement shown like this: [3 m, 26 cm]. This is the 
number of meters and centimeters on your tape from the be- 
ginning of Earth time to the event being discussed. From the 
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same end line, measure 3 meters and 90 centimeters and draw a 
line across the tape. That line is the beginning of the Paleo- 
zoic Era; it is the point at which fossils become common. The 
whole tape up to that line can be labeled Precambrian. As we 
study more about Earth time, return to the time tape and add 
more information. You may want to refer to Table 9.1 too. 





CCK co wire aA Gas 

1. What were some early estimates of Earth’s age? 
2. What is radioactive decay? 

3. What is meant by half-life? 

4. What is the geologic time scale? 


THE PRECAMBRIAN ERA 


The oldest Earth rocks known are from areas called shields. 
Each continent has one of these areas; you can think of them 
as the “cores” of continents (Figure 9.9). The rocks of shields 
are mostly igneous and metamorphic. The oldest Earth rock 
yet dated by its radioactive clock is about 35 billion years old. 
So, for the first billion years of Earth history, we have no rock 
record. These earliest rocks were probably remelted; this al- 
lowed some or all of the elements produced by radioactive 
decay to escape, and the “clock” was therefore set back to zero. 
Or maybe the rocks are still around in their original form, and 
we just haven’t found them yet! 

The shield in North America is called the Canadian Shield 
because most of it is exposed in Canada. In much of the United 
States, it is covered by younger rocks. Most of the shield rocks 
are not very different from some younger rocks, but their 
history is more difficult to understand. There are too few Pre- 
cambrian fossils to use for correlation. These Precambrian 
cores of continents were later surrounded and covered over by 
sediments as the continents gradually built up. 


First life. Noone knows when the first life formed on Earth. 
No one is sure what the atmosphere was like then. No one 
knows if the water which covered parts of the shields in Pre- 
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Figure 9.9 The Precambrian shields, shown in grey, are large exposures of very ancient rocks. In the 
dotted areas, the shield rocks are known to exist but are covered. 


cambrian times was salty like modern sea water or not. We do 
know that the earliest unquestioned life forms found are about 
2 billion years old [2 m, 50 cm], but fossils have been found 
that are possibly about 3 billion years old. The most common 
very old fossils are one-celled plants called algae; they are 
found in sedimentary rocks called chert. Chert is finely crys- 
talline quartz, and on the shields occurs in thin layers appar- 
ently deposited under water. Often found with the cherts are 
layers of iron-rich rocks. After the Precambrian era, such ex- 
tensive beds of chert and iron-rich rocks were never again de- 
posited. Something was happening then that never happened 
again. Perhaps it was a time when oxygen first became plen- 
tiful, and maybe the early one-celled plants produced this 
oxygen. The appearance of life and iron-rich rocks may be 
closely related. The steel in your car may be related to the 
lives of algae billions of years ago! The fossils in the chert 
may be seen by grinding the rock paper-thin. Light will pass 
through the thin rock and with a powerful microscope the fos- 
sils will appear as brown or black cells. Some cells are round 
and separate, others are joined together in strings (Figure 
9.10). 





e 


The oldest fossil animals yet found come from Australia. 
These are known from impressions in sandstone nearly one 
billion years old [3 m, 50 cm]. It seems likely that these ani- 
mals had no hard parts. Probably that is the reason animal 
fossils are so rarely found in Precambrian rocks. 


GHhleCKe vy OW REA Gars 
1. What is a shield? 


2. How old are the earliest unquestioned life forms? 


THE PALEOZOIC ERA 


About 600 million years ago some remarkable things hap- 
pened. You have already measured the 3 meters and 90 centi- 
meters on your time tape. We are not absolutely sure what 
happened, but suddenly the rocks have many fossils. Animals 
with hard shells lived in the seas. These were not all simple 
animals; some had complicated eyes, many legs, and were often 
larger than a person’s hand. The most common early animals 
were the trilobites (Figure 9.11). Most of the record of the 
long history of change leading up to all these animals has not 
been found in the older rocks. This is why we sometimes call 
the Precambrian the time of “hidden life.” What the changes 
were (in the sea water, in the atmosphere, and so forth) that 
allowed hard parts to develop, we can only guess. 





Figure9.10 Thesephotographs, 
taken through a microscope, 
show two types of single-celled 
plants that lived about two billion 
years ago. The one on the left is 
usually seen as a very small 
sphere, but it was fossilized as it 
was splitting in two. The one on 
the right is a chain of single cells. 
Neither of these forms is very 
different from some one-celled 
plants living today. 
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The seas in which most of these animals lived were not 
like our modern seas. Modern seas lie mostly in deep basins 
and are very deep a fairly short distance off shore. The aver- 
age ocean depth is about 3.8 kilometers. There were probably 
deep ocean basins in the Paleozoic era too, but deep-water 
rocks are not often found on what is now land. Most of the 
rocks in which we find fossils were deposited in shallow seas 
that covered parts of the continents. Just as life slowly, but 
continually, changes, so do the positions and levels of ocean 
basins and continents. A rise in the ocean floors of only a few 
hundred meters, or a similar lowering of continents, would 
cause oceans to spread across much of the land. This type of 
shallow sea is known as a continental sea; they have been 
very common in Earth’s history. 

For many bottom-living marine animals today, the places 
with the most food are in shallow water near shore. Shallow 
water has light. Animals can see better in it, and plants that 
can be used for food live in it. A shallow sea spread out across 
a continent greatly extends this type of environmental situa- 
tion. So animals lived in abundance, and when they died they 


Figure 9.11 The trilobites are the earliest common fossil and became 
extinct at the end of Paleozoic time. 
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Figure9.12 Seas over what is now North America are shown in color. The boundaries of the continent are 
shown for reference only; they did not exist in the present form at any of the times shown. 
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were preserved in abundance. Figure 9.12 shows the extent 
of the seas over North America at four times in the past. As 
the 350 million years of Paleozoic time progressed, the animals 
and plants and the seas in which they lived kept changing. 
By the Ordovician period, many of the major forms of animal 
life we know today had appeared. It is surprising that lots of 
modern animals, over 400 million years later, are only varia- 
tions of the very early types. Of course, many modern forms are 
far-out variations, but the basic plan is still there. Most 
abundant in Paleozoic times were animals without backbones, 
the invertebrates. Some Paleozoic invertebrates often found 
as fossils are shown in Figure 9.13. 

Earth’s most common animals are still invertebrates. All 
the fossil ones shown in Figure 9.13 lived under water. Can 
you think of five land invertebrates? Do you think fossils of 
land invertebrates would be common in rocks? Why wouldn’t 
they be common? 


Early vertebrates. The Paleozoic era is sometimes called 
“the age of invertebrates.” Yet here and there across our Earth, 
a few fossils of fish have been found in early Paleozoic rocks 
[4 m, 4 cm]. Fish are vertebrates, or animals with backbones. 


The earliest fish seem to have been a jawless, armored type 
(Figure 9.14). 





Figure 9.13 Four hundred years 
ago the sea bottom around what 
is now New York may have looked 
like this reconstruction. The long- 
stemmed animals at left are 
crinoids. A large trilobite can be 
seen near the bottom edge of the 
picture. The animal with the long 
straight shell is distantly related 
to our modern octopus, which 
swims around nude. 
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CREEK 


In the Devonian period, fish were the dominant forms of 
life on Earth. After fish with jaws appeared, two other types 
evolved from them. These were the bony fishes and sharks. 
Sharks have skeletons of cartilage rather than of bone. We 
usually find only their teeth preserved as fossils. Bony fish, 
the main type of modern fish, have a hard, bony skeleton, as 
anyone who has ever swallowed a bone from a trout knows! 

How, why, and from what did animals with backbones 
evolve? What changes occurred over 400 million years ago that 
led to their appearance? The origin of fish is still a deep mys- 
tery. It is an important and interesting mystery, since these 
first vertebrates are the basic forms that, through long change, 
finally lead to all vertebrates. They are distantly related to 
dogs and dinosaurs, pigs and parrots. 


Life on the land. Imagine the land surface of the early 
Earth. Barren. For hundreds of millions of years, through the 
immense time of the Precambrian, through the early Paleo- 
zoic, there were apparently no land animals and no land plants 
(with the possible exception of some algae). Nothing moved 
across Earth’s land; nothing green blossomed under the sun. 
What a grim and desolate world it would have seemed, if there 
had been eyes to see it! Imagine the rapid runoff of rainwater 
and the erosion of a land with no soil or plants to slow the 
flow. Some idea of this can be found by seeing what happens 
today when people ignore our environment. When forests are 


cut down completely and not replanted, when improper farm-' 


ing wears out the soil and leaves it without plant cover, the 
land is rapidly washed or blown away. 

Near the boundary between Silurian and Devonian time, 
the first land plants and land animals [4 m, 10 cm] appeared. 
The first land animals had no backbones and the earliest 
known ones looked something like scorpions. Later in the 
Paleozoic, insects evolved and these are still the most common 
land animal. The first vertebrate animals to come out of the 





Figure 9.14 This model shows 
one of the jawless armored fish 
that represent the earliest known 
vertebrates. The animal was 
flattened and its eyes were on 
top of its head, so it probably 
lived on the bottom. It is stream- 
lined, but its armor probably pre- 
vented it from swimming rapidly. 
It may have lived where there 
were strong currents, perhaps 
in the mouths of rivers. 
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water and crawl on land were fish. The necessary changes in 
living habits, for both the plants and animals, from life in the 
sea to life on land are enormous. In the sea, water is always 
available, sudden changes in temperature are rare, and food 
is usually readily available. On land, organisms had to change 
to prevent water loss by evaporation, had to develop new ways 
to get gases (carbon dioxide and oxygen for plants, oxygen for 
animals), and had to reproduce differently. Figure 9.15 shows 
some early plant types; one of the close modern descendents 
is the horse-tail rush often seen today in swampy areas. Rela- 
tives of all the main types of early plants survive today. In a 
way, Paleozoic plants are often represented today when you 
turn on the lights in your house. Most of the coal in the United 
States comes from the compressed remains of Paleozoic plants, 
and a great deal of the electrical power in our country comes 
from the burning of this coal. The early land plants developed 
roots to get water and minerals from the earth and leaves to 
get energy from the sun. Their reproduction was by means of 
spores or seeds and pollen, but no flowers and fruit were to ap- 
pear for many millions of years—honey and sliced peaches 
were not on the Paleozoic menu. 





Figure 9.15 This is an artist’s 
idea of what a forest in the east- 
ern part of what is now the United 
States looked like over 350 million 
years ago, during Devonian time. 
The fern tree on the far right was 
over 10 meters high. 





From fish to amphibians. Two different kinds of fins are 
seen on bony Devonian fish fossils. One group of fish developed 
ray fins and these are by far the most common type today. The 
other had bone and muscle growing down into the fins; such 
fins are called lobe fins (Figure 9.16). Few of these lobe fins 
are around today. The lung fish of South America, Africa, and 
Australia are the most common living lobe-finned fish. 
Lobe-finned fish were extremely important in the series of 
changes that led to land vertebrate animals. Both the lobe- 
finned and the ray-finned fish developed a primitive breathing 
organ to help them get more oxygen. Many of the ray-finned 
fish developed in such a way that this organ now functions as 
a gas-filled swim bladder to help keep them from sinking in 
the water. In the lobe-finned fish, this primitive lung allowed 
them to live through dry spells when much of the water in their 
pond dried up. Since the lobe fins allowed them some crawling 


Figure 9.16 The drawing shows 
the arrangements of fin supports 
in typical lobe-finned (left) and 
ray-finned (right) fishes. In the 
lobe fins, muscles and bones 
extended into the fin, permitting 
greater control and flexibility of 
movement. Such fins developed 
into the limbs of the land-walking 
amphibians. The photograph 
shows a model of a modern lobe- 
finned fish. Until a fish like this 
was caught off South africa, this 
type of lobe-finned fish was 
thought to have become extinct 
over 60 million years ago! This 
‘living fossil’ has provided us 
with clues as to how its ancestors 
were able to change from living in 
water to living on land in the 
distant Devonian Period. 
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ability, and their primitive lungs allowed them some direct 
air breathing, these fish were able to move onto the land and 
survive for a while. From these fish, as they kept changing 
over millions of years, came the first vertebrates that were 
more “land animal” than “water animal.” These were the am- 
phibians, and they are first known from rocks of late Devo- 
nian age [4 m, 15 cm]. The lobe fins were now more like legs, 
and lungs were fully changed to breathe air (Figure 9.17). The 
early amphibian skeleton is remarkably like that of a fish. Al- 
though the amphibians became the dominant land vertebrate 
animals in late Paleozoic times, today nearly all that remains 
of the amphibians are frogs, toads, and salamanders. The am- 
phibians were, and still are, caught between two worlds—land 
and water. Able to live on land, they still generally require 
moist skin and must go back to the water to breed. Their eggs 
cannot withstand dryness; nor can they be fertilized out of 
water. The amphibian’s land-water ties can easily be imagined 
when you see the change from the tadpole swimming in a pond 
to a frog croaking on the shore. A link between two worlds, the 
amphibians never succeeded too well in either. Yet they have 
managed to survive for about 350 million years. 


SSS NN 
Sy 





Figure 9.17 Note the similarity 
between the lower drawing of a 
lobe-finned fish of 350 million 
years ago and the _ primitive 
amphibian that developed from 
fish of this type. 
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Reptiles. The first vertebrates to be completely successful 
at life on land were the reptiles. The changes that took place 
in each of the millions of generations of amphibians slowly led 
to the appearance of the reptiles. The main advantage of the 
reptile was an egg that had a hard shell. Now, the about-to- 
be-born could grow inside a shell surrounded by life-supporting 
fluid. Since the egg allowed reptiles to live their whole lives 
far from large bodies of water, far more of the land could be 
lived upon. The egg is sort of a canteen for crossing dry lands. 
So close in skeletal forms are some amphibians to early reptiles : 

that only the presence of eggs would allow ustobecertainhow # #™ Otis ds 
to classify the fossil. The first reptiles appear in rocks of Penn- 
sylvanian age [4 m, 19 cm]. 


The Paleozoic ends. The end of Paleozoic time, some 
225 million years ago [4 m, 27.5 cm], was a time of mountain 
building in North America. Sediments had been accumulating 
in a geosyncline along our present eastern coast. The uplift of 
this geosyncline produced an immense chain of mountains, the 
Appalachians. Today, some mountains are still rising and the 
changes leading to new mountains are going on continually. 
Always there is change. And some changes that took place as 
the Paleozoic era ended must have been drastic. Many kinds 
of previously successful animals and plants, both on land and 
in the sea, became extinct. We know there were changes in 
climate near the end, but what worldwide events occurred to 
bring about such broad destruction of life? We don’t know—yet. 





GhECK YOWIR EAC TEs 

. When did fossils become common? 

What is an invertebrate? 

What is a vertebrate? 

. When did the first vertebrate appear? 

. When did the first land plants and land animals appear? 
. What is the difference between a ray fin and a lobe fin? 


What is the difference between amphibians and reptiles? 
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_ What were the first vertebrates to be completely success- 
ful on land? 
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THE MESOZOIC ERA 


The Mesozoic era, from about 225 million to 65 million years 
ago [4 m, 43.5 cm], is the middle time of abundant life on 
Earth. Reptiles ruled the land; the era is often called “the age 
of reptiles.” However, slow changes were happening that led 
to a new major form of vertebrate life, the mammals. Birds also 
appeared and took successfully to the air, where before only 
insects and a few ill-adapted reptiles could go. 


Reptiles. Inthe Mesozoic era, the reptiles completely domi- 
nated the land. Some even went back to the sea, the watery 
home of their remote ancestors. Their feet changed to paddle- 
shaped fins. Their bodies became streamlined; some of them 
became what we would describe as sea serpents. Some grew 
to 15 meters in length. They learned to take care of their young 
while in the water (Figure 9.18). Today we can still see how 








Figure 9.18 Animals like these 
Mesozoic reptiles were very 
common in the shallow seas that 
covered large areas of North 
America during the Mesozoic Era. 
Most swimming reptiles became 
extinct at the end of that era. 
Their places in the environment 
were taken by whales, porpoises, 
and other mammals. Their jaws 
were not adapted for chewing. 
Some of them swallowed stones 
to help grind their food. 





marine reptiles are tied to the land. Remember the amphibi- 
ans going back to the water to lay their eggs? Well, the mod- 
ern sea turtle, a reptile, will come thousands of kilometers 
through the sea to a beach near its birthplace just to lay its 
eggs on land. 

On land the reptiles had very little competition from other 
groups of animals. Some became the largest land animals of 
all times—the dinosaurs. Not all the dinosaurs were huge; 
some were no bigger than dogs. Some were meat eaters and 
others plant eaters. The meat eaters often walked on two legs 
instead of four (Figure 9.19). This enabled them to see farther, 
run quickly, and use their front feet for grasping food. Some 
of the plant eaters weighed well over 25 tons and often lived 
near rivers and lakes so the water would help support their 
weight. If reptiles were warm-blooded, as we are, they might 
not have been able to grow so large. Warm-blooded animals 
need more food to support the high rate of chemical activity 
in their bodies. If you have a pet cat (a mammal), you must 
feed it every day, but a pet snake (a reptile) may be fed only 
once a week or so. 


Mammals. The main difference between mammals and 
reptiles is in their method of reproduction. Mammals, with 
rare exceptions, develop the young inside the body, and after 
the young are born, they are fed with the mother’s milk. Mam- 
mals are usually covered with hair, which helps insulate them 


Figure9.19 Over 7Omillion years 


ago, in late Cretaceous time, 
dinosaurs like these walked the 
plains of the western United 
States. The largest meat eater 
known, Tyrannosaurus, stood about 
6 meters high. Flowering plants, 
which first appeared in Mesozoic 
time, are also shown. (Compare 
them with the nonflowering plants 
shown in Figure 9.15.) Since 
these reptiles were cold-blooded, 
they could not have withstood 
our modern western winters in 
Wyoming or Montana. The climate 
must have changed. 
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against heat and cold. Like birds, they are warm-blooded—that 
is, they maintain a body temperature nearly the same no 
matter what the surrounding temperature. This enables them 
to live in colder climates than the reptiles normally can. Un- 
fortunately, none of these characteristics show up in fossil 
skeletons. Other changes must be looked for to tell reptile 
skeletons from those of the earliest mammals. 

Reptiles usually have teeth that are all alike, differing 
only in size. An alligator is a good example. Mammals have 
different kinds of teeth in the jaw—in our own case, biting 
teeth in front and grinding ones in back. While reptiles usually 
grab food with their teeth and swallow it whole (go to the zoo 
during the time when snakes are being fed), mammals bite and 
chew their food, the most civilized ones with their mouths 
closed. This allows them a more varied diet. Other skeletal 
differences also appear in the fossil record. The reptile’s jaw 
and ear bones are not the same as those of mammals. 

The oldest fossil skeletons that appear to be of mammals 
come from sedimentary rocks of late Triassic time, over 200 
million years ago [4 m, 30 cm]. These early mammals are very 
reptilelike; there is little doubt that during the constant 
change, mammals developed from reptiles. These early mam- 
mals were small and unimportant and would remain so for 
many tens of millions of years. Their day was yet to come! 


Birds. A few reptiles developed wide membranes between 
their front feet and rear limbs. These “wings” apparently en- 
abled them to take off and, when there was enough wind, to 
glide about in search of food. Being cold-blooded, they probably 
could not generate enough power to flap their wings to stay in 
flight. Some had wingspans of over seven meters! (See Figure 
9.20). In Jurassic time [4 m, 35 cm], birds developed from 
similar reptiles. The earliest bird skeletons are so like reptile 
skeletons that if impressions of the feathers had not been pre- 
served, scientists would not have known they were birds at all 
(Figure 9.21). The earliest birds even had teeth, as reptiles 
have, so the saying “scarce as hen’s teeth” is true only for mod- 
erns hens. Birds also show their link to reptiles by laying eggs. 
By the end of Mesozoic time, the flying reptiles could not com- 
pete with the birds and became extinct. 


Flowering plants. In the latter part of the Mesozoic 
[4 m, 36 cm], a change occurred that is almost as important 
to us as the changes that led to mammals. Flowering plants 





appeared. Over 90 percent of living plant types are classed as 
flowering plants. Flowering plants provide us with nearly all 
our food. (For example, wheat, rice, and potato are all flow- 
ering plants.) Without their development over 100 million 
years ago, we might never have happened. By the end of the 
Mesozoic, these plants were the major type on the land. 


The end of the Mesozoic. Toward the end of the Meso- 
zoic, changes on Earth became quite dramatic. The geosyncline 
in the western part of North America, which had been filling 
with sediments since Precambrian time, began major upward 
movements; the Rocky Mountains were being born. The 
growth took many millions of years, with periods of relative 
stillness, and others of more rapid movement and volcanism. 
Of course, as soon as the mountains rose, rain began to tear 
them down. It is hard to look at the huge peaks of the Rockies 
and imagine that they will be gone some day. But they will be. 

The continental seas began their final withdrawals in the 
Mesozoic. More of the land emerged. With the seas now mostly 
back in their deep basins, the land began to take the shape 
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Figure 9.20 Nearly 100 million 
years ago this reptile was flying 
over what is now Kansas. When 
it died its skeleton was preserved 
in the chalky muds on the bottom 
of a shallow sea. Its “wings” were 
skin stretched between its front 
and rear limbs and it had no 
feathers. A mounted specimen of 
the largest living bird, the condor, 
is beside it. 


Figure 9.21 The fossil skeleton 
of the earliest Known bird, about 
150 million years old, is shown at 
left below. The impression left by 
the feathers can be clearly seen. 
In the reconstruction below, you 
can also see the claws along the 
front of the wings and the teeth. 
Without the feather impression 
as a clue, scientists probably 
would have called this a reptile. 
Fossils of birds are very rare. 





“Bad news. | hear we’re on the endangered species list.” 


we know today. America and most of the world was never 
again extensively covered by the continental seas. Of course, 
it has only been less than 100 million years since the seas 
were widespread over the United States, and we now realize 
that’s not so much time. The seas may be back. 

The end of Mesozoic time [4 m, 43.5 cm] is most easily 
determined by fossils. For reasons we do not understand, many 
formerly successful animals became extinct. Extinctions oc- 
curred in the oceans and on land. The great swimming rep- 
tiles, many types of clams, and many other sea animals did not 
survive the end of Mesozoic time. On land, the dinosaurs, both 
large and small, became extinct. Why? Many theories have 
been put forth, but science still waits, and may always wait, 
for a theory that most scientists will accept. If you try, maybe 
you can think of some reasons. 

Did disease or competition from the newly developed mam- 
mals kill the last dinosaurs? Did the flowering plants take over 
from the plants dinosaurs normally ate, so that the dinosaurs 
starved? Why did animals of both land and sea become ex- 
tinct? Perhaps the climate of the world changed. As the seas 
retreated, maybe the land climates changed too rapidly for 
dinosaurs to change with them. Also, shallow water environ- 
ments that had been widespread in the continental seas of 
the Cretaceous period now existed. only along the coasts of 
the continents as the seas withdrew. This must have increased 
competition for food among the sea creatures as they became 
more concentrated—many did not survive. 
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CrHIECIK SCOUIR FANCTS 


1. What kind of animals dominated the land in the early 
Mesozoic era? 


. What was the largest land animal of all time? 


. How do birds resemble reptiles? 


2 
3 
4. What are some differences between mammals and reptiles? 
5. When did flowering plants develop? 

6 


. What were some major events at the end of the Mesozoic 
era? 


THE CENOZOIC ERA 


From 65 million years ago at the end of the Mesozoic to the 
present, the continents have stood fairly high. Generally, the 
mammals have dominated the land and the Cenozoic can be 
called “the age of mammals.” In the sea, the bony fish reached 
the level of dominance they still have. Of the nonbony fish, 
only the skates, rays, and the aggressive meat-eating sharks 
have survived. Sharks have been with us nearly unchanged 
since Devonian time, almost 400 million years ago! During the 
Cenozoic some sharks were so large their jaws could open al- 
most two meters. 

Many types of mammals developed during the Cenozoic. 
Some, such as whales, returned to live in the sea. (Remember 
how some reptiles did the same thing?) Others, such as dogs 
and cats, became meat eaters. Many more mammals became 
plant eaters, such as horses, cows, and elephants. Some mam- 
mals eat both meat and plants; the best known of these is man. 

As the mammals spread through nearly all the environ- 
ments of the world, their ancestors, the once world-dominant 
reptiles, could not compete very well. Only the snakes, turtles, 
lizards, and crocodile types have survived. The mammals, 
small to begin with, took over the Cenozoic land very rapidly. 

Four changes seem to have been occurring to most mam- 
mals since their early beginnings: (1) They kept getting 
larger (see Figure 9.22). The first horses, camels, and ele- 
phants, for example, were about as big as dogs. One result of 
this size increase is the blue whale, the largest animal that 
ever lived. Over 30 meters long, the adult may weigh over 150 





tons. (Only a few are still living; most of them have been killed 
by man.) (2) Their teeth became specialized according to their 
eating habits. (3) Their feet became better adapted to their 
environments. On some, toes developed into hoofs, and legs 
got longer to allow greater speed; others took advantage of 
changes in the front feet that enabled them to grasp and hold 
food. (4) Their brains became bigger in relation to their body 
weight. This was the most important change! The reptiles had, 
and still have, small brains for their size. Their brains are 
limited to controlling their senses, such as smell and hunger. 
The brain sizes of most of the mammals increased during the 
Cenozoic, and the part of the brain used for memory increased 
most of all. If you want to test a reptile’s brain against a mam- 
mal’s, try to train a snake or small alligator to come when 
you call, to beg for food, or to jump through a hoop. On the 
other hand, most dogs, cats, pigs, and many other mammals— 
including baby brothers and sisters—can easily learn to do 
these things. It’s no wonder, with such a brain, that mammals 
rule the Earth. 


Primates. Man, along with apes, monkeys, and some other 
animals, is classified into a group of the mammals called pri- 
mates. Primates have several characteristics that set them 
apart from other animals. Two of the most important of these 
characteristics are the placement of their eyes and the shape 
of their paws (or hands). The eyes are placed in the front of 
the head, which makes depth perception possible. And with 
fingers on one side of the hand and the thumb opposite, pri- 


Figure 9.22 After the dinosaurs 
became extinct about 65 million 
years ago, mammals became the 
main land animals. Some grew 
very large. The photograph 
shows a reconstruction of a horn- 
less rhinoceros that stood about 
5 meters high and lived about 25 
million years ago. 
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mates. can grasp things. Our hand has allowed us, man, to ad- 
vance from the use of stone tools to the ability to put together 
a spacecraft or a watch. 

Parts of small primate skeletons have been found in sedi- 
mentary rocks over 60 million years old [4 m, 44 cm]. As the 
early primate mammals developed, several main types came 
into being. The apes and monkeys began to appear about 35 
million years ago [4 m, 46.5 cm]. The monkeys developed in 
two regions; South American monkeys can use their tails 
almost like a fifth paw, and the monkeys of the rest of the 
world have tails that are not so useful. The apes are easily 
seen to be different from monkeys: They have no tail. Their 
brain is larger than that of monkeys, and they lead a more 
social life. Their faces can be very expressive and some, chim- 
panzees, are said to make over 30 sounds in communication. 

In late Cenozoic time, a change in climate caused many 
forests to be replaced by grasslands. Though most primates 
stayed with the retreating forests (where they originally 
arose), one type of primate was changing and adapting to life 
on the ground. His hind limbs lengthened and his feet flat- 
tened, making it easier to stand and search the horizon for 
food and enemies. The ability to stand and to move rapidly 
on his hind feet freed his front limbs for uses other than mov- 
ing through the trees. Already developed for grasping, the 
front hands could be used more and more to pick berries and 
nuts or grab small animals and insects. These primates began 
to differ more and more from the apes. 

The first manlike animals are known from rare fossils 
found in rocks over 10 million years old [4 m, 49 cm]. The story 
of the changes and developments of these gnimals is very poor- 
ly known. If you remember how rare fossil preservation of 
vertebrate land animals is, you can easily understand the 
problem. Although our feet, our hands, and our posture are all 
different from those of other primates, it is in our skull that 
we are most different. Our rows of teeth are circular curves, 
while those of apes are more U-shaped and have enlarged ca- 
nine teeth for piercing (Figure 9.23). Also, man now lacks the 
bony ridge above the eyes found in the ape skull, and man’s 
face has flattened. 

It has only been within the last 2 million years that the 
changes in earlier primates resulted in what we would call 
“man.” The earliest men had brains that were only slightly 
larger than that of a modern ape. In modern man, the brain 
is three times as large as that of an ape. This brain has al- 
lowed us to develop a behavior that is so different from that of 





Figure 9.23 One of the most 
commonly preserved parts of 
primate fossils is the jaw. This is 
lucky, because the teeth and 
their shape are important for 
distinguishing ape jaws’ from 
human jaws. At the top is a draw- 
ing of the upper jaw of a gorilla, 
with its typical sharp biting teeth 
and the squarish, U-shaped tooth 
pattern. In the center is a drawing 
of the upper jaw of a type of man 
that lived as early as 2 million 
years ago. This and the drawing 
of a modern man's jaw below 
show the absence of pointed 
“canine” teeth and the more 
circular overall tooth pattern. 
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any other primate that any skeletal differences appear small 
and insignificant in comparison. Reasoning, laughing, and 
talking separate us from all other creatures much more than 
our bones and teeth do. The last part of the Cenozoic is “the 
age of man.” On the time tape, draw a line across the tape 
4 meters 50 centimeters from the beginning. This is the final 
line and to the right is the future. 

As you read this chapter, you have seen that nothing on 
Earth remains the same forever. If we see continents, moun- 
tains, plants, and animals only in terms of our own short 
lives, they seem constant and unchanging. But now you should 
be able to look at them in terms of geologic time. Rain and 
rivers change the land, new mountains will rise and ones now 
high will wear away. Man is carried along in the process of 
change as time goes on into the future. But man is fantastically 
different from anything that ever lived before. He not only 
changes, but he has the power to change Earth. Once man lived 
so close to nature that he was just a small part of the living 
world. Now he often pays no attention to nature. In the effort 
to make our world an easier place in which to live, we some- 
times forget that it’s more important to keep it a nice place in 
which to live. The future for man, if he uses his huge brain, is 
just beginning. Look at your time tape: 4.5 meters long, and 
the time of man is only the thickness of a pencil lead. 


Clee CiK YOWIR FACTS 
1. What animals dominated the land in the Cenozoic era? — 


2. What are some important ways in which mammals 
changed? 


3. What is the distinguishing characteristic of primates? 


4. How does man differ from other primates? 


APPLYING WHAT YOU HAVE LEARNED 


1. What is the source of most of Earth’s internal heat? 


2. If you look inside the mouth of a cat or dog, how can you tell 
the animal is a mammal and not a reptile just by the shapes 
of the teeth? 


3. You have learned that mammals developed on land, but a 
few have returned to the sea to live. Yet they have not changed 
back to breathing through gills or laying eggs. (The whale, for 
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example, breathes through lungs and gives birth to its young 
alive.) Can you think of a bird that has partly returned to the 
sea? (It spends much of its time in the water.) Can it lay its 
eggs in the ocean? 


4. You may have seen movies in which dinosaurs chased “cave 
men.” Why was this impossible? 


5. If you were looking at sedimentary rocks in the mountains 
and found Cretaceous clams and then found a trilobite fossil 
in nearby horizontal rocks above the Cretaceous one, what 
might have happened? 


KSyaworR DS 


principle of superposition continental sea (p. 189) 
(pe 172) invertebrate (p. 191) 
correlation (p. 172) vertebrate (p. 191) 
isotope (p. 181) ray fin (p. 194) 
radioactive (p. 181) lobe fin (p. 194) 
half-life (p. 181) amphibian (p. 195) 
geologic time scale (p. 183) reptile (p. 196) 

shield (p. 186) dinosaur (p. 198) 


trilobite (p. 188) primate (p. 204) 
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unit three 


Land, Air, and 
sea 


Because we spend most of our time on the land, we 
tend to forget that the oceans and the atmosphere are 
as important to us as the surface on which we live. The 
oceans, covering over 70 percent of the surface area of 
Earth, influence the weather and climate of continental 
areas; they provide much of the oxygen that we 
breathe; and they provide a vast amount of food. The 
atmosphere is also terribly important to us. The oxygen 
and other gases it contains are essential to life, and 

the way it transmits solar energy keeps Earth warm 
and livable. But the surface on which we live is 
obviously important too, and its great variety of 
landscape makes it interesting to live on. 
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Figure 10.1 The American 211 
oceanographer Francis Shepard 

stands next to a submersible 

craft used for ocean research. 


chapter 10 
The Ocean Basins 


Earth science is all wet. Well, at least 71 percent of it is. Be- 
cause that’s the amount of Earth’s surface that is covered by 
the oceans. A look at a world map or a globe quickly shows you 
how much ocean there is. Even in the Northern Hemisphere, 
where most of the land is, there is still more ocean than there 
is land. The globe also shows you that all the oceans are in- 
terconnected. 

To simplify matters, oceanographers (scientists who study 
the oceans) recognize only three major oceans—the Atlantic 
Ocean, the Pacific Ocean, and the Indian Ocean. Oceanog- 
raphers realize, of course, that these oceans are connected. 
Smaller seas, like the Mediterranean Sea and the Caribbean 
Sea, are considered parts of the larger oceans to which they 
are connected. The Arctic Ocean is considered part of the At- 
lantic rather than the Pacific. Why do you suppose this is so? 
(For the answer, look at a globe rather than a map—preferably 
a globe that shows ocean currents.) 
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OCEAN MAPS 


The seas must have fascinated man from his earliest days. 
Figure 10.2 shows a map of the world made by the ancient 
Greeks. As you can see, the Greeks knew the Mediterranean 
Sea pretty well, but their knowledge of more distant areas 
was not very accurate, to say the least. Eventually, however, 
knowledge of the oceans beyond the Mediterranean developed. 
In the early days, such knowledge was considered to be of 
military value. Maps were top secret documents. When there 
was a danger of capture by the enemy, every effort was made 
to destroy the maps so they would not fall into the enemy’s 
hands. Most maps were destroyed at one time or another, so 
our knowledge of what the ancients knew about the oceans is 
fairly vague. We do know, however, that before the birth of 
Christ the ancient peoples of the Mediterranean had sailed 
completely around the coast of Africa, and they had sailed as 
far north as the Arctic Ocean. 

By the time Columbus made his trip, much of the secrecy 
about maps had disappeared and the geography of Europe 
and Asia was fairly well known. Earth was believed to be 
round, and there seemed little doubt that with enough sup- 
plies and good humor, men could sail from Europe to Asia by 
traveling from east to west, rather than from west to east. 
There were, of course, doubters who claimed that Columbus 
would fall off the edge, or would be eaten up by some deep-sea 
monster. (As it turned out, of course, Columbus didn’t end up 
in Asia at all.) Since Columbus’s time, maps have improved 


Figure 10.2 All of Africa is represented by the land between the 
Mediterranean and “Mare Australis,” or the “southern sea.” 
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a great deal. The development of navigational instruments, 
and today the use of satellites for making maps, have provided 
us with fairly precise maps of the oceans. 


Measuring depth. Most ocean maps today give some 
indication of the water depth, either by color (usually by dif- 
ferent shades of blue), or by means of contour lines or by num- 
bers showing the depths at various points. An early method 
for measuring water depth was to lower a weight at the end of 
a line. There is a story that Columbus tried to measure the 
ocean’s depth by tying together all the rope he had available. 
He actually managed to put together 350 meters of line, which 
was lowered into the water. Unfortunately, he was over a 
depth of 4300 meters at the time! 

The first successful measurement of depth in the deep sea 
was made in 1840, from the British ship Erebus. The measure- 
ment, 2425 fathoms (4435 meters), was made in the central 
part of the South Atlantic. The depth was measured by using 
a reel and line similar to what fishermen use. A weight was 
attached to the end of the line. The line was allowed to run 
free from the reel, and the bottom was identified when the 
speed at which the line was coming off the reel suddenly slowed 
down. (Is this a very accurate way to measure water depth?) 

Although this first successful measurement of deep water 
was made in 1840, it wasn’t until the voyage of the British 
ship Challenger (Figure 10.3) in 1872 to 1876 that we began 
to learn something of the general shape of the ocean basins. 
The Challenger sailed all over the world, taking many sound- 


Figure 10.3 The Challenger is shown at left passing an iceberg. At 
right is a drawing of one of the laboratories on the ship. 





One fathom is equal to 6 feet. 
Although metric units (for 
example, the meter) are used in 
most sciences, the fathom, a 
British unit, is frequently used 
in oceanography for measuring 
water depth. 
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ings and making other measurements as well. (To take a 
sounding means to make a measurement of water depth.) This 
voyage, one of the most successful ocean expeditions of all 
time, is generally considered to mark the beginning of modern 
oceanography. 

By 1895, there were still fewer than 7000 soundings of 
water depths of more than 2000 meters. This was an average 
of about one measurement for every 40,000 square kilometers 
of ocean. (How many measurements would that be for an area 
the size of your state? Could you really tell very much about 
the shape of your state—its ups and downs—from that many 
measurements?) 





activity 10.1 Determining shape by 
“depth soundings” 


For this activity you will need a box with a removable top (such 
as a shoe box), enough graph paper to cover the top of the box, 
a ruler, some adhesive tape, and some long, thin rods, such as 
knitting needles. If knitting needles are not available, pencils 
or drinking straws will do. 

Tape the graph paper to the top of the box. Following the 
pattern of the graph paper, punch a gridwork of holes through 
the box top. Your teacher will put an object into the box and 
replace the top. Now, using your rods or knitting needles to 
take “soundings” through the box top, figure out what’s in 
the box. 

You take a sounding by lowering the rod vertically through 
a punched hole until it hits bottom. Make a mark on the rod at 
the level of the box top, draw the rod out, and measure the 
depth. Remember to write down the location where you take 
each sounding. 

First, take soundings at “widely separated” locations, such 
as the open circles shown in Figure 10.4. Do these widely sepa- 
rated soundings give you enough information about the shape 
of the object for you to figure out what the object is? 

Now make many more soundings—for example, at every 
intersection of lines on the graph paper shown in Figure 10.4. 
You are collecting a lot of data now, so make sure your notes 
are organized! 

Now let’s use the data you’ve collected to figure out the 
shape of the object hidden in the box. A good way to do this 
is to make many “profiles” of the object. For example, suppose 
that the object hidden in the box is a model of a volcano. The 
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Figure 10.4 Tape apiece of graph paper like this to the box top. Make 
sure you record the location of each sounding. 





profile made along the plane that cuts the volcano in half would 
look something like Figure 10.5. 

Make many profiles and cut them out on cardboard. Copy 
Figure 10.4 on a piece of graph paper. Glue the bottom edges 
of the profiles on the graph paper along the lines correspond- 
ing to the profiles. (The profiles should stand up vertically 
from the paper.) Glue down many profiles, and you will get a 
good idea of the shape of the hidden object. 
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In the 1930s, oceanographers began to make many pro- 
files of the ocean floor, and from these profiles a detailed pic- 
ture of the shape of the ocean bottom began to emerge. The 
oceanographers were able to make many profiles because a 
very useful instrument, the echo sounder, had been in- 
vented. An echo sounder sends a sound signal down through 
the water and receives the echo that bounces back from the 
bottom. Since the speed of sound in water is known, the dis- 
tance to the bottom can be figured out from the length of time 
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Figure 10.5 A profile of a vol- 
cano might look something like 
this. What kind of volcano would 
this be? 





needed for the sound signal to make the round trip. (This is 
done automatically in the echo sounder.) By taking many 
soundings, the echo sounder records a continuous profile of 
the bottom that the ship is traveling over (Figure 10.6). 


CGHECK YOUR ACS 


1. About what percentage of Earth’s surface is covered by the 
oceans? 


2. What method was used in the first successful measurement 
of depth in the deep sea? 


3. How does an echo sounder work? 


THE OCEAN BOTTOM—A MAGNIFICENT 
LANDSCAPE 


As a result of the use of modern depth sounders, we have 
learned a great deal about the shape of the bottom of the ocean. 
The map of the Atlantic Ocean in Figure 1.8, for example, 
was constructed by referring to thousands of profiles of the 
ocean bottom provided by modern sounders. We now know 
that the oceans have an average depth of about 4 kilome- 
ters. The deepest parts of the oceans are about 11 kilometers 
deep. The features on the floor of the ocean are much larger 
than the features on land. In Chapter 6, we compared the 
height of Mauna Loa, one of the shield voleanoes that make 
up the island of Hawaii (Figure 6.8), with the height of Mt. 


Figure 10.6 This profile of the 
ocean bottom, covering a dis- 
tance of about 130 kilometers, 
was made by an echo sounder 
that records not just the ocean 
bottom but also some of the geo- 


logical features beneath the 
ocean bottom. The horizontal 
lines are layers of sediment. The 
vertical distance is greatly exag- 
gerated. 








Everest. Do you remember which was higher? You can do the 
same type of comparison for other features on the floor of the 
ocean. The deep ocean trenches, for example, are over 10,000 
meters deep. How do they compare in depth with the Grand 
Canyon? Some of the mountain ranges on the floor of the ocean 
are much larger than the mountain ranges on land. The mid- 
ocean ridge, for example, extends from Iceland through the 
entire length of the Atlantic Ocean (the Mid-Atlantic Ridge, 
labeled MIDA, Figure 1.8), and then on into the Indian Ocean 
and (another branch) into the Pacific Ocean. How much longer 
is this ridge than a mountain chain such as the Andes, or the 
Rockies (Figure 7.14)? 

Many of the features that occur on the floor of the ocean 
are shown in Figure 10.7. Ordinarily oceanographers think 
of the margin of the continent as being the continental shelf 
and the continental slope (Figure 6.27). In some places we in- 
clude the feature called the continental rise (the transition 
zone between the continental slope and the deep sea floor). 
Where there are no continental rises, deep sea trenches may 
be found, particularly in the Pacific Ocean. Beyond the con- 
tinental rise, the deep sea floor may be flat and smooth. In 
some areas, however, the floor is made up of small hills. In 
places high peaks rise steeply from the deep sea floor, and 
near the centers of the oceans are long chains of mountains 
that make up the mid-ocean ridge. As you learned in Chapter 
7, there are many types of mountains. In the ocean, however, 
almost all of the mountains are volcanic. 


The edge of the continents. Let’s consider these fea- 
tures of the deep sea floor as we might if we were to take a trip 


Figure 10.7 A profile made all 
the way across the Atlantic would 
look something like this. South 
America is on the left, Africa on 
the right. 


CONTINENTAL SHELF 


CONTINENTAL SHELF 
CONTINENTAL SLOPE 
CONTINENTAL SLOPE 
MID-ATLANTIC RIDGE 
a SN 


RIFT VALLEY 





218 LAND, AIR, AND SEA 





from the shoreline out into the deep sea in a submersible like 
the one shown in Figure 10.1. When you are standing on an 
ocean beach, you are actually standing on the inner edge of 
the Continental shelf, which you can think of as the outer 
edge of the continent, planed off by surf action. The shelf 
is very flat, almost as flat as a billiard table. It extends from 
the shoreline on out to a place where the bottom slopes more 
rapidly in the deeper water. On an average around the world, 
the continental shelf has a slope of about 2 meters per kilo- 
meter. This means that if you walk up a slope the length of a 
football field (100 yards, forgetting the end zones), you would 
rise only about 7 inches. Continental shelves vary in width 
from less than 2 kilometers, off Miami, Florida, to more than 
1200 kilometers, off Siberia. The outer or seaward edge of the 
shelf varies considerably in depth, but around the world has 
an average depth of about 120 meters. In general, continental 
shelves are widest and shallowest off coastlines where there 
are wide, flat, coastal plains, such as the East Coast of the 
United States. Where the coastline is mountainous, as along 
the West Coast, the shelf is generally narrow and deep. But 
everywhere it is pretty flat. How can you explain this flatness? 

All in all, a submersible trip across the continental shelf 
would be fairly exciting, but only because it would be a trip 
in a submersible beneath the ocean surface. Except for fish 
and other animals, there wouldn’t be much to see. The bottom 
would be smooth except for an occasional rock outcrop. We 
might see an occasional animal burrow or track on the bot- 
tom, but not much else. Things really don’t change much as 
we pass the edge of the shelf and descend into the deeper water 
over the continental slope. However, in some areas of the 
world, we might descend into a deep trench and then come up 
over a ridge before we get to the flat sea floor. Three basic 
types of continental margins are shown in Figure 10.8. 

Geophysicists have developed equipment, similar to that 
used for measuring water depth, that tells them what the 
layering of sedimentary rocks is like beneath the surface. On 
the basis of records from these devices we now know that the 
rock layers beneath the continental shelf and slope may be 
flat or they may be folded and faulted. This type of informa- 
tion is very important to oil companies because oil often ac- 
cumulates in such folded rocks. 


Submarine valleys. A common feature on the outer part 
of the continental shelf and slope are submarine valleys, 
also called submarine canyons. There are many different 
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types of submarine valleys. Some have winding courses, V- 
shaped profiles, steep walls with many rock outcrops, tribu- 
taries, and so on. Some are trough-shaped, have straight- 
walled valleys, and lack tributaries. There are short gulleys 
occurring off deltas and the continental slope; and there are 
long, broad channels that cross the flat, deep-sea floor. In 
short, there is almost every kind of submarine valley you 
can imagine. 

Many submarine canyons are located off major rivers; 
many occur where no rivers presently exist. Some have their 
upper part very close to the shoreline; others occur farther 
offshore. Those submarine valleys that come in close to shore 
might have a practical value because they bring deep water 
close to shore. Some people have considered dumping garbage 
in them. Do you think this is a good idea? 

The origin of submarine valleys has been one of the most 
perplexing problems in marine geology and has not been com- 
pletely solved. In the early days of their exploration, the easi- 
est explanation seemed to be that the valleys were the result 
of normal river and stream erosion, and that after the erosion, 
sea level had risen and had submerged the valleys. However, 
as more and more data became available, it was obvious that 


Figure 10.8 These types of con- 
tinental margins are found not 
Only around the American con- 
tinents, as shown here, but all 
over the world. The type shown in 
B, for example, is found along the 
western edge of the Pacific. 
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there were certain problems with this explanation. It was 
found, for example, that many submarine valleys extended 
into water 3000 meters deep. This would mean that sea level 
had come up 3000 meters since the canyons were formed. 
But many canyons were estimated to be only a few thousand 
years old. Does it seem probable that sea level could rise that 
rapidly? 

Faced with this problem, some geologists came up with 
another explanation. They thought that the submarine valleys 
might have been formed through erosion by turbidity cur- 
rents. (Remember turbidity currents from Chapter 4?) A great 
many experiments were carried out to determine whether 
turbidity currents could, in fact, erode hard rock on the floor 
of the ocean. Not all of these experiments were successful. 
More recent studies have shown that much of the sediment in 
submarine valleys is very slowly slipping down the valley, 
moving much the way a glacier does down a mountain valley. 
The slow grinding action of the sediments against the walls 
of the valley does cause erosion. According to one explana- 
tion, the upper part of the valley originated by stream erosion 
when sea level was lower during the Ice Ages. As sand, which 
was moved in the surf zone, encountered the valley, it dropped 
into it and acted as an abrasive, like sandpaper. Under the 
force of gravity the sand moved very slowly down the valley, 
cutting the valley deeper and deeper down the slope. From 
time to time, storm waves would churn up the sediments in 
the valley, which would move very rapidly as turbidity cur- 
rents. The turbidity currents were more effective in cleaning 
out the canyons than in actually eroding them. 

This explanation uses three mechanisms to explain the 
origin of valleys—normal river erosion, slow movement or 
creep of sediments, and turbidity currents. Probably most of 
the submarine valleys in the world can be explained by using 
this combination of processes. 


Plains and hills. Turbidity currents flow in response to 
gravity. Because of this they carry sediments to the deeper 
parts of the ocean. These sediments cover irregularities in 
the ocean floor and in time, barren flat plains are developed. 
These deep-sea plains, or abyssal plains, exist only where 
turbidity currents can reach the deep ocean floor to deposit 
sediments. In the Pacific Ocean, deep-sea plains are scarce 
and of limited size. Can you think of why this may be? Many 
relatively small deep-sea plains in the Pacific are in the bot- 
toms of the deep-sea trenches. Seaward of the trenches the 
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floor of the ocean is not flat and smooth, but rather consists 
of many hills. 

Most deep-sea hills are only a few kilometers wide and a 
few hundred meters high. They are the most common feature 
on the floor of the ocean and occur over wide expanses of the 
deep sea where turbidity currents have not deposited sedi- 
ments. It has been estimated that as much as 50 percent of 
the floor of the Pacific consists of these small hills. 

The larger hills and peaks (those that rise more than 1000 
meters from the sea floor) are called seamounts. There are 
probably more than 20,000 individual seamounts on the floor 
of the ocean. Almost all of them are volcanoes. However, some 
of them do have coral reefs or limestone perched on their sum- 
mits. In a number of places seamounts occur as long lines of 
individual volcanoes. Do you know of any islands that are sea- 
mounts exposed above the sea’s surface? 

Most of the seamounts in the ocean have fairly pointed 
summits, but there are some with flat tops. Some of these have 
about a kilometer of water above them. Geologists now con- 
clude that at least some of these flat-topped seamounts stood 
at sea level and were flattened by the surf. Can you think of 
any evidence that might be used in support of such an explana- 
tion? Can you think of any reason why these seamounts are 
now at great depth? 


Mid-ocean ridges. The vast majority of seamounts are 
part of a long ridge of mountains that extends from the Arctic 
Ocean dewn through the Atlantic into the Indian Ocean and 
around into the Pacific (Figure 10.9). Generally, the crest of 
this ridge is more than 1800 meters below sea level, but in a 
few places it reaches above sea level as isolated islands; Easter 
Island in the Pacific and Iceland and Ascension Island in the 
Atlantic are part of the mid-ocean ridge. Over much of its 
length, particularly in the Atlantic, the center of this long 
ridge is marked by a deep valley that runs along the length 
of the ridge. Would you expect valleys on land to run parallel 
to the crest of mountain ranges or at right angles to them? 
Why? How might you explain the origin of a valley that runs 
along the crest of a ridge? 

In many places the deep valley, called a rift valley, is 
deeper than the mountains on either side of it. The floor of 
the valley is flat, covered by sediments in many places, but in 
others it is rough with volcanic rocks on the bottom. The rift 
valley is the site of many earthquakes. Although you have al- 
ready seen that most earthquakes occur around the edge of 
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the Pacific Ocean, in the Atlantic most earthquakes occur in 
the rift valley in the center of the ocean. Geophysicists have 
also been able to determine that the flow of heat from the floor 
of the ocean is higher in the rift valley than it is anywhere 
else in the ocean. In many places it is five or six times as high. 
The higher heat flow and the earthquake activity suggest that 
the mid-ocean ridge is active geologically. 

In many places the mid-ocean ridge and the ocean floor 
to either side appear to be broken by large cracks (Figure 10.9). 
The crest of the ridge may be offset (displaced sideways) on 
either side of the cracks. These cracks, or fracture zones, 
appear to be places where Earth’s surface has broken into large 
blocks. The earthquakes associated with the mid-ocean ridges 
appear to be located along the portions of the fracture zones 
that separate the rift valley. Later in this chapter we'll see how 
earth scientists explain the origin of some of these features. 


Deep-sea trenches. Probably the only features on the 
floor of the ocean that rival the mid-ocean ridge in size and 
complexity are the deep-sea trenches. What do you notice 
about the distribution of the trenches in Figure 10.9? Where 
are most of them located? These trenches, which are many 
hundreds of kilometers long but only tens of kilometers wide, 
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are of. the order of 6000 to 11,000 meters deep. A great many 
of them have flat floors covered by relatively coarse sediment. 
Could you explain why this might be? 

Like the mid-ocean ridges, the trenches are very active 
areas geologically. Most of them are close to active volcanoes. 
Also, most of the world’s earthquakes are associated with these 
areas. It has been estimated that almost 80 percent of all of 
the shallow earthquakes of any size occur in the vicinity of 
the trenches; almost 90 percent of the intermediate depth 
earthquakes and almost all of the deep earthquakes take place 
adjacent to the areas of the trenches. If you have plotted these 
on a cross section of one of the trenches you will see that the 
earthquakes take place along a zone dipping about 45° in most 
places toward the continents (Figure 10.10). How might you 
explain this? 
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Figure 10.10 The type of con- 
tintental margin shown here is 
type B of Figure 10.8, but the 
ocean is to the left and the con- 
tinent is to the right. 
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One other thing that we know about the trenches is that 
Earth’s gravitational attraction is generally much less in 
these areas. This low gravity, together with the earthquake 
activity and the volcanoes, have made the trench areas some 
of the most puzzling of all to geologists and geophysicists. 
It wasn’t until the late 1960s that we began to understand 
them (we think). In the 1960s, the theory of continental drift 
became generally accepted. This theory explains most of the 
major features of the ocean basins. Before we go into this theo- 
ry, you might take a crack at developing your own scheme to 
explain the mid-ocean ridges, the fracture zones, and the deep- 
sea trenches. 


GHE'IC KY OUR FACTS 


1. How do features of the ocean floor compare in size with land 
features? 


2. How might submarine valleys be formed? 
3. How are abyssal plains formed? 
4. What are some characteristics of rift valleys? 


5. What are some characteristics of deep-sea trenches? 


SEA-FLOOR SPREADING AND 
CONTINENTAL DRIFT 


The theory of continental drift states that the continents have 
moved over Earth’s surface. It has been one of the most con- 
troversial theories in the history of geology. At scientific meet- 
ings some geologists, who are otherwise calm human beings, 
stand up trembling and red-faced and shake their fists at their 
colleagues, calling the theory of continental drift utterly idiotic. 
In the early days, most of the geologists in favor of continental 
drift were from the Southern Hemisphere—South America, 
South Africa, and Australia. It was in these areas that there 
appeared to be evidence that the continents had actually 
moved apart. The close fit of the east coast of South America 
with the west coast of Africa suggested that these continents 
were part of one large continent that had broken into pieces. 
Similarities in the kinds of rocks, the deposits of large conti- 
nental glaciers, and the same kind of land fossils suggested to 
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some that South America, Africa, India, and Australia were at 
one time all part of a large continent. Geologists from these 
areas were convinced that continental drift must have oc- 
curred. Geologists from other parts of the world were troubled 
by how drift of large continents could occur. What the forces 
must have been bothered them. In short, the whole idea was in- 
conceivable. Today most earth scientists (there are still a few 
hold-outs) believe that pieces of Earth’s crust are in mo- 
tion—that pieces of crust, including ocean floors, are moving 
at this very moment. In some places these pieces are moving 
apart, in other places together. Although a number of names 
have been given to these theories, they all involve sea-floor 
spreading. 


The magnetic field and its flip-flops. As is fre- 
quently the case in science, evidence produced by a new tech- 
nique may be the key to the solution of old problems. For 
continental drift and the origin of the major features of Earth’s 
surface, it has been the measurement of Earth’s magnetic 
field and the magnetic field preserved in rocks that has served 
as this key. 

Many of the minerals in rocks react to magnetic forces. 
The lodestones used in the Middle Ages as natural compasses 
are a good example. They were made of the mineral magnetite. 
Magnetite, like the steel needle of a compass, responds to the 
Earth’s magnetic field. Magnetite and other minerals like it 
form as molten rock cools. As they cool past a certain tem- 
perature they preserve in themselves evidence of the direction 
of Earth’s magnetic field at that time. Extremely sensitive 
instruments are able to measure this preserved magnetic field 
millions of years after the minerals have formed. Thus, rocks 
with magnetic minerals in them are able to tell us something 
about the magnetic field through geologic time. We now know 
that over the past several hundred million years, Earth’s 
magnetic field has completely reversed itself many times. The 
north magnetic pole has changed to a south magnetic pole, 
and then back to a north magnetic pole repeatedly over geo- 
logic time. The south magnetic pole has made corresponding 
reversals. 

Measurements that led to this knowledge of magnetic 
reversals were made in the late 1950s in the northeastern Pa- 
cific Ocean and in the northern Atlantic Ocean. Surveys made 
at those times revealed that the magnetism of the rocks of 
the sea floor showed variations in long strips (Figure 10.11). 
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In the north Atlantic these strips are parallel to the Mid- 
Atlantic ridge. The patterns were similar on either side of 
the ridge. These patterns were due to normal and reversed 
magnetic fields preserved in the rocks. (By “normal” we mean 
the present magnetic fields.) Similar patterns of alternating 
normal and reversed magnetic fields were discovered in lay- 
ered volcanic rocks on land. From the rocks on land it was 
possible by means of age-dating techniques to determine a 
precise age for each reversal of the magnetic field. 

You can imagine how mystifying all of this was to geolo- 
gists who were trying to tie these facts together. Finally the 
concept of sea-floor spreading was hit on. In general, the con- 
cept of sea-floor spreading calls for (1) formation of new crust 
at the center of mid-ocean ridges, and (2) movement of the sea 
floor away from the ridges to make room for new material to 
rise, cool, and form more crust. The movement of molten 
rock to the surface at the center of the ridge accounts for 
the higher heat flow in the rift valleys of the ridges. But 
what must be happening to the size of Earth if we add new 
crust at the centers of the oceans? Do you know of any evidence 
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Figure 10.11 The different 
bands represent rocks of dif- 
ferent ages. The magnetic rever- 
sal strips resemble these bands 
(they, too, lie parallel to the mid- 
ocean ridges), except that there 
are many more of them. For 
example, in the last 7 million 
years, there have been more than 
20 magnetic reversals. 
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that Earth is getting larger or smaller? If Earth is maintain- 
ing its present size, what must be happening to the crust? If 
you have suggested that the crust is being destroyed at about 
the same rate it is being formed, you are in agreement with a 
good many geologists and geophysicists today. Where do you 
suppose it is being destroyed? The general concept of sea- 
floor spreading calls for the formation of new crust at the mid- 
ocean ridges and the destruction of this crust in the deep-sea 
trenches. It is believed that Earth’s crust consists of several 
large blocks that are moving away from each other, toward 
each other, and alongside each other (Figure 10.12). New crust 
is formed where the blocks move away from each other. It is 
destroyed where they come together. The trenches are the 
areas of collision and the mid-ocean ridges are where the 
blocks move apart. The fracture zones and major faults of 
Earth’s surface are where the plates or blocks are moving 
alongside each other. 

By this concept, can you explain the distribution of earth- 
quakes in Earth’s crust? What might you say about the rela- 
tive age of rocks as you move away from the mid-ocean ridges 
toward the shores of the oceans? Where would you look for 
the oldest rocks in the oceans? Can the magnetic patterns in 
the oceans be used to tell us anything about the rate of move- 
ment of the sea floor? 


Figure 10.12 Large blocks (also called plates) of Earth’s crust are 
moving in the directions indicated by the arrows. 
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Because it has been possible to date the magnetic rever- 
sals, we can now use the position of the magnetic patterns and 
their distance from the mid-ocean ridges to compute the rate 
of sea-floor spreading. From this type of calculation it appears 
that spreading is highest in the southeast Pacific, about 15 
to 20 centimeters per year. In the Atlantic it is somewhat 
slower, on the order of 2 to 5 centimeters per year. How much 
farther would Columbus’s trip have been had he made it this 
year rather than in 1492? If we go backward in time, it be- 
comes obvious that South America and Africa, Europe and 
North America must have been adjacent to one another at 
one time (Figure 10.13). How long ago would this have been? 
Can you think of any ways the concept of sea-floor spreading 
might be tested? 


Figure 10.13 With the help Of a Computer, Ome oceanographer put 
together this map showing how continents fitted together. 
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Drilling holes in the ocean. An attempt to test this 
hypothesis and to learn more about the floor of the ocean was 
begun in 1968. A project, called the Deep Sea Drilling Project, 
was designed to drill deep holes in the floor of the ocean and 
to recover samples of the sediment and rock from these holes. 
In its early stages a number of holes were drilled in the Altan- 
tic and Pacific Oceans. In the Atlantic, a series of holes was 
drilled both along the margins of the ocean and in several lines 
across the mid-Atlantic Ridge. It was reasoned that if sea- 
floor spreading were a fact, sediments resting on the oceanic 
crust should become progressively older the farther you went 
from the center of the ridge. The age of the sediments resting 
on the volcanic rocks of the crust should also give evidence as 
to the accuracy of the use of magnetic reversal strips for de- 
termining the age of the rocks. Rock samples collected from 
the holes drilled in lines across the Mid-Atlantic Ridge con- 
firmed both assumptions to almost 100 percent accuracy. Sedi- 
ment collected from right above the oceanic crust in holes 
drilled close to North America included abundant shallow 
water fossils about 180 million years old. What do these shal- 
low water fossils suggest to you? To the geologists and geo- 
physicists of the Deep Sea Drilling Project they suggested that 
Europe and North America were almost next to each other at 
that time with only a shallow water sea between them. Thus, 
the continents of Europe and North America began to separate 
and move apart 180 to 200 million years ago. Figure 10.14 
shows how the continents have moved from that time to the 
present. 

If the process of sea-floor spreading is an active one, we 
should find examples of it in early stages of development. The 
Red Sea appears to be just such an early stage in the devel- 
opment of sea-floor spreading. It is an area where continents 
have actually cracked apart and new ocean floor is begin- 
ning to form. Many of the features of the Red Sea are much 
the same as those occurring at the center of the mid-ocean 
ridges. The central trough in the Red Sea has characteristics 
common to rift valleys of the mid-ocean ridges. The parallel 
magnetic strips are there, the earthquakes occur in that 
area, and there is high heat flow. Oceanographic explora- 
tion of the Red Sea has revealed another very interesting fea- 
ture. In the center of the Red Sea there are sediments and 
rocks that are very rich in metallic deposits. These include 
vast amounts of copper and zinc. These metallic deposits are 
probably brought to the sea floor by the rising molten rock 
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Figure 10.14 “Pangaea,” “Laurasia,” and “Gondwana” are names of 
land masses that have since broken up into smaller blocks. 


that forms the crust. If these deposits form in the Red Sea, 
they may also form in other mid-ocean rifts and might be car- 
ried away from the rifts as the sea floor spreads. As a matter 
of fact, metallic deposits have been found in samples collected 
by the Deep Sea Drilling Project. In sediments collected from 
right above the oceanic crust near North America, substantial 
amounts of zinc, manganese, iron, and copper were present. 
Some day we may be mining deposits like these from the sea 
floor. Can you think of any other practical uses for the ocean 
floor resulting from our knowledge of sea-floor spreading? 


CHEEK YOUR FACTS 


1. In what part of the world was the theory of continental 
drift first accepted? 


2. How did scientists discover that Earth’s magnetic field has 
reversed itself many times? 


3. Where is new crust being produced? Where is crust being 
destroyed? 


4. Where is the rate of sea-floor spreading the greatest? 
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APPEYING WHAT YOU HAVE LEARNED 


1. During the Ice Ages continental glaciers increased in size 
and then decreased in size by melting. What would be the 
effect on the shape of the oceans if the present continental 
glaciers doubled in size? What would be the effect if the 
glaciers melted? Be as detailed as you can. 


2. We often hear of the ocean “basins.” Are the oceans really 
shaped like basins? If you had a model of the ocean the size of 
a basketball, what would be the shape of the body of water 
representing the ocean? On a model the size of a basketball, 
how deep would the water be? 


3. Sound travels through seawater at about 1500 meters per 
second. If a pulse of sound returns to our echo sounder 6 
seconds after it is sent, how deep is the water? 


4. Turbidity currents may be at least in part responsible for 
submarine canyons and abyssal plains. What would you ex- 
pect the sediment deposited by a turbidity current to be like? 


5. How would you expect a deep-sea trench half filled with 
sediment to differ from one that had no sediment in it? How 
might you account for the difference in amount of sediment? 


6. As our coastal areas become more and more crowded, it 
may be necessary to build islands out on the continental shelf 
to use for airports, power plants, and shipping centers. What 
are some of the problems we will need to solve before we can 
build such islands on the continental shelf? Do you think we 
will ever build underwater cities out on the shelf? Why? 
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Figure 11.1 Sunlight, sea, Das 
clouds, atmosphere—all are re- 

lated, as you will learn in the fol- 

lowing chapters. 


chapter I1 


The Dynamic Seas 


If someone asked you what parts of Earth are most important 
to your environment, you would probably say the land and the 
atmosphere. You live on the surface of the land, at the bottom 
of the immense atmosphere. Therefore, these are the most 
important parts of your environment. 

But you might be wrong. What about the ocean? “But I 
don’t live in the ocean,” you might reply. True, you don’t live 
in the ocean, but the ocean is vitally important to you. For 
example, have you heard of phytoplankton? Phytoplankton 
is made up of microscopic plants that live in the upper layers 
of the ocean and produce oxygen. (This process, called photo- 
synthesis, will be discussed in the next chapter.) Much of the 
oxygen in the air that you breathe came from phytoplankton 
in the ocean. This is just one example of how important the 
oceans are, even though you don’t live in them. 

Oxygen produced in the ocean passes into the atmosphere, 
but some oxygen in the atmosphere also becomes dissolved 
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Figure 11.2 Many scientists are 
afraid that one day pollution will 
killthe phytoplankton. What would 
happen to us then? 





in the ocean. And other gases, particularly carbon dioxide, 
are also exchanged between the ocean and the atmosphere 
(Figure 11.2). 


THE OCEANS AND THE ATMOSPHERE— 
AN INTIMATE AFFAIR 


In asense, the ocean and the atmosphere are parts of the same 
system. Materials present in one are present in the other— 
though of course in different proportions and, in some cases, 
in different states (solid, liquid, or gaseous). We have already 
mentioned the exchange of gases between the atmosphere and 
the ocean; later we will see that water itself is exchanged, as 
is salt. In addition to the transfer of matter across the air-sea 
boundary, there is also a transfer of energy, both radiant and 
mechanical. The most obvious example of transfer of me- 
chanical energy is when wind (movement of the atmosphere) 
produces waves and currents (movement of the water). Let’s 
take a look at currents. 


Currents. Since the days of Benjamin Franklin (1706- 
1790), attempts have been made to map the major ocean cur- 
rents to help speed ships on their way from one point to an- 
other across the ocean. One of the earliest maps of the Gulf 
Stream was published by Benjamin Franklin. It was his hope 
that knowledge of this important current would help to speed 
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up mdil service between England and the American colonies. 
In the middle 1800s an American naval officer, Matthew 
Maury, produced a much more detailed map of currents of all 
the major ocean basins. Maury’s map was based on observa- 
tions of U.S. Navy ships from all over the world. By putting 
together a great number of observations, modern ocean- 
ographers have come up with a fairly accurate circulation 
pattern for the world oceans (Figure 11.3). 

Do you see any similarities between the various currents 
shown in Figure 11.3? How does the circulation of currents 
in the Northern Hemisphere differ from that in the Southern 
Hemisphere? 

Walter Munk, a well-known American oceanographer, 
has attempted to show systematically why the currents in 
various oceans are similar. This system is shown in Figure 11.4 
by an idealized, rectangular ocean in which Earth’s wind 
system is also shown. Notice the circular current patterns, or 
gyres, in the idealized ocean. The gyres rotate clockwise in 
the Northern Hemisphere and counterclockwise in the South- 
ern Hemisphere. Do you see the same gyres in the real oceans 
(Figure 11.3)? 

Because of the irregular distribution of land masses, the 
real oceans are, of course, different from the rectangular 
idealized ocean, but also remarkably similar. In general, 
currents are strongest in the western parts of the ocean and 
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of 40°S latitude drive the currents completely around Earth. 
What type of current patterns might you expect to find on 
Earth if there were no continents to serve as barriers? 
Exactly how the wind moves the water is not known. It 
may be that friction is important as the wind slides over the 
surface of the water, or it may be that the wind exerts pres- 
sure on waves as it blows across the rough surface of the sea. 
However it happens, the wind does move the water in large 
masses across the ocean. The gyres are undoubtedly the re- 
sult of ocean barriers and systematic winds that are not of 
equal force or in the same direction. Couple these factors with 
Earth’s rotation, and the circular pattern can be explained. 





Figure 11.4 The arrows at left 
indicate the general wind pattern 
of the world. Their length indi- 
cates the strength of the wind. 
The “doldrums” refer to the areas 
along the equator where winds 
are weak or even absent. The 
westerly winds, or westerlies, 
blow strongly along latitudes 40° 
to 50° north and south. As you 
can see, the wind and ocean Cur- 
rent patterns are closely related. 
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Water from the deep. The transfer of energy from the 
atmosphere to the ocean by the winds directly affects the sur- 
face currents. Frequently, however, it also affects the move- 
ment of water at depth. Fridtjof Nansen, a Norwegian ocean- 
ographer, noted in the Arctic that when the wind was at 
his back, small ice floes were not moving directly away from 
him but were moving off to his right. The motion of the ice to 
the right of the wind is caused by Earth’s rotation. In the 
Northern Hemisphere movement is to the right of the wind; 
in the Southern Hemisphere, to the left of the wind. This 
movement of water or wind resulting from Earth’s rotation 
is called the Coriolis effect. 





activity 11.1 The Coriolis effect 


For this activity you will not need any equipment. You’ll need 
only your imagination. 

Imagine that you are a tiny creature standing at the center 
of a record on a record player. You fire a pistol in any horizon- 
tal direction. What is the path of the bullet over the record? It 
is of course a straight line going directly from the center of the 
record to the edge of the record and out beyond it. That was 
simple, wasn’t it? 

Now suppose someone starts the record player spinning. 
You again fire your pistol. As the bullet leaves the center, the 
record is no longer standing still under it, but is moving toward 
the right. 

Now what is the path of the bullet over the record? If it cut 
a continuous scratch on the record as it traveled from the cen- 
ter to the edge, what shape would the scratch be? Is it a straight 
line from the center of the record to the edge, or does it veer to 
the side? To which side—left or right? Suppose the center of 
the record, where you are standing, is one of Earth’s poles. 
Which pole would it be—the North Pole or the South Pole? 

It can be shown that the veering effect takes place not just 
in the case we’ve described—shooting a projectile from a pole. 
If you shoot a projectile anywhere on Earth, it veers to the right 
in the Northern Hemisphere, and to the left in the Southern 
Hemisphere. It acts as though it were being pushed sideways. 
This apparent push is what is called the Coriolis effect. Winds, 
currents, and all other objects moving over the globe are sub- 
ject to the Coriolis effect. 
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Along the western margins of continents, where winds 
blow parallel to shore and toward the equator, the surface 
water is moved offshore because of the Coriolis effect. The 
surface water is actually skimmed off the surface near shore 
and is piled up offshore. However, it is impossible for the wind 
to blow a “hole” in the ocean for very long before that hole is 
replaced by other water. The “hole” formed when the near- 
shore water is moved offshore is rapidly “filled” by water from 
below, which is both colder and saltier than the surface water. 
(Why is the water below saltier?) This water from below also 
has a higher content of chemicals which serve as fertilizers for 
the phytoplankton, allowing them to grow more rapidly. This 
upward movement of water is called upwelling. What effects 
might you expect upwelling to have on the distribution of fog, 
conditions for swimming, and local fishing? 


Water masses. The masses of water moved by winds 
develop certain physical characteristics during the time they 
are in contact with the atmosphere. The temperatures of these 
waters are, to a great extent, determined by the temperature 
of the air moving them. The amount of evaporation and rain- 
fall in the area determine the salinity (degree of saltiness) 
of the water. Where waters that are moved by different cur- 
rents meet each other, (such as in the Grand Banks area off 
Siberia) the colder, saltier, heavier water sinks beneath the 
lighter, warmer, less salty water. In this way, subsurface 
water masses are developed. Although the subsurface move- 
ment of water masses is less well known than the movement 
of surface water currents, oceanographers do know that water 
from the high latitudes may move as subsurface masses toward 
the equator, and in some cases across the equator, at a slow 
rate in all the ocean basins. 

The Mediterranean Sea gives us a good example of how 
the atmosphere affects the properties of a surface water mass 
that eventually becomes a subsurface water mass. In the hot, 
dry eastern end of the Mediterranean, evaporation of water 
is very rapid. The extreme evaporation in the area results in 
high salinity (Figure 11.5). Because of its high salinity, this 
water becomes relatively heavy and sinks beneath the surface. 
It flows on or near the bottom along the coast of North Africa 
and eventually out through the Straits of Gibraltar. Because 
it is more dense than the Atlantic water directly outside the 
Straits of Gibraltar, it sinks to a level where the water below 
is heavier and the water above lighter. At this depth it spreads 
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Figure 11.5 The values shown refer to salinity. The higher the value, 
the higher the salinity. (The symbol Y00 means “parts per thousand.” 
For example, 36.5 Yo means 36.5 grams of salt per thousand grams of 
water.) The arrows represent surface currents. 


out horizontally into the North Atlantic. As replacement for 
this subsurface water that has left the Mediterranean, surface 
water flows into the Mediterranean through the Straits of 
Gibraltar. Thus, at the Straits of Gibraltar, water flows into 
the Mediterranean at the surface and out along the bottom. 
This in-out flow at the Straits of Gibraltar is due to the 
general vertical movement of waters originally caused by the 
climatic conditions in the eastern Mediterranean. Can you 
think of other examples where such vertical circulation pat- 
terns might develop? What characteristics would you look for 
in the surface and subsurface waters to determine whether 
such circulation exists? 


Gite Chey Ow REACTS 


1. Name one way in which the oceans are important to your 
environment. 


2. What is a general difference between the circulation of 
ocean currents in the Northern Hemisphere and that in the 
Southern Hemisphere? 


3. What effect does upwelling have on phytoplankton? 
4. What is the pattern of flow at the Straits of Gibraltar? 
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EARTH’S THERMOSTAT 


Without the ocean, Earth would be an impossible place to 
live. At the equator temperatures would be much too high for 
life to survive, and in higher latitudes everything would be 
frozen solid. Luckily, the oceans serve as a thermostat, and 
because so much of Earth’s surface is covered by water it is 
possible for man to survive at all latitudes. 

The oceans serve as Earth’s thermostat for two reasons: 
(1) because it’s possible for water to absorb or give up a great 
deal of heat without changing its temperature very much, and 
(2) because the ocean currents carry water from low latitudes 
to high latitudes and back to low latitudes. Thus, much of the 
heat energy that strikes Earth near the equator is absorbed 
by the ocean, carried by currents to colder areas where heat 
is lost to the atmosphere, and the cooled-off water is brought 
back down to the equatorial regions where more heat energy 
is put back into it. This type of thermostat works on a yearly 
time scale. 

The oceans act as a thermostat on a daily basis also. They 
receive solar energy during the day and are warmed up; and 
they radiate much of this energy back to the atmosphere at 
night, when other areas of Earth are receiving the Sun’s 
energy. Although some of the heat gained by the ocean during 
the day is lost at night, not all of it is. Waters in equatorial 
regions generally heat up little by little, day by day, as they 
move westward across the oceans. As the currents sweep away 
from the equator toward the poles, in the western parts of the 
oceans, they gradually give up their heat. It has been esti- 
mated that if the oceans retained all of the heat produced by 
the absorption of solar energy, they would boil in about 300 
years. Obviously, this isn’t happening; in fact, it appears that 
there has been relatively little change of ocean temperature 
through geologic time. This means that the energy received 
by the oceans is eventually given back. There is no net gain 
of heat and no net loss. The heat budget for the ocean is bal- 
anced. Incoming energy is balanced by energy lost. 


The heat budget. Just about all of the energy that comes 
to the surface of the ocean is from the Sun. Although a certain 
amount of this energy is reflected from the water surface back 
into the atmosphere, much of it is absorbed in the upper part 
of the ocean. This is evident if we look at the distribution of 
temperature in the ocean (Figure 11.6). In most parts of 


Figure 11.6 The temperature of 
sea water usually varies with 


depth in the manner shown here. 
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the ocean there is a layer of relatively warm water lying 
over the colder, deeper water. What does this mean in terms 
of the balance of heat gained and lost? In areas where a great 
deal of energy is added, the layer of warm water is relatively 
thick. In other areas where heat is being lost more rapidly, 
the layer of warm water is thin or even absent. 

Almost all the heat that is added to the ocean by absorp- 
tion of the Sun’s radiation is returned to the atmosphere by 
three processes: (1) direct conduction of heat to the atmos- 
phere, (2) radiation back into space, and (3) evaporation 
(Figure 11.7). Where the ocean is warmer than the overlying 
air, it transfers a small amount of heat by directly warming 
the air. A molecule of water directly transfers its energy or 
heat to an adjacent molecule of air. This is conduction. For 
the entire ocean this amounts to less than 10 percent of the 
heat lost. 

Because the ocean surface is warmer than the atmosphere 
at different times and places, it radiates energy into the at- 
mosphere. This process is particularly common at night. About 
40 percent of the energy received by the oceans is lost by 
radiation back to space. 

The remaining heat, about half of the ocean’s total heat, 
is lost during the evaporation of surface water. As the tem- 
perature of the surface water increases, its molecules move 
more and more rapidly. When the motion is fast enough some 
of them break away from the water surface and escape into 
the overlying atmosphere. The water molecules that escape 
are those having higher energy; they are the warmer ones. 


CONDUCTION RADIATION EVAPORATION 





Figure 11.7 Energy is_ trans- 
ferred from the ocean to the 
atmosphere by these processes. 
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Those molecules that remain behind are the relatively cool 
ones with less energy. Thus, the atmosphere is warmed and 
the oceans are cooled by the evaporative process. Do you know 
of any examples of how evaporation is used by man to take 
advantage of its cooling effect? 

The process of evaporation is a very important one, not 
only in keeping the oceans cool but in keeping the water cycle 
in operation. It is by evaporation that water vapor is trans- 
ferred from the ocean to the atmosphere. Almost all of the 
water vapor in the atmosphere comes from the oceans. 

As water evaporates from the ocean surface, it leaves 
behind the salt that was dissolved in it. The surface water 
becomes cooler, saltier, and therefore heavier. In its heavier 
condition it may become involved in vertical movements such 
as those that occur in the Mediterranean. Wind blowing 
“dry” air across the water surface speeds up the rate of evap- 
oration. The wind also creates waves. If the wind blows hard 
enough, small droplets of water may be thrown directly into 
the atmosphere. These water droplets frequently evaporate 
before falling back into the ocean. When this happens, a very 
small crystal of salt is left in the air. These very small salt 
crystals frequently serve as the particles on which water vapor 
condenses to form rain. As this rain falls on the land, it carries 
the salt with it. Eventually the salt washes back into the ocean. 

As long as the cycle is not interrupted, the oceans remain 
constant in volume, temperature, and salinity. During the 
recent geologic past, however, for reasons we do not completely 
understand, Earth’s atmosphere cooled and much of the water 
that fell on Earth accumulated as snow and ice to form gla- 
ciers. The water was not returned to the sea. As evaporation 
continued, more and more water was trapped as glacial ice. 
The level of the sea dropped; the average temperature of the 
sea dropped; the oceans became saltier. Then, for some un- 
known reason, the average temperature of the atmosphere 
began to increase, the glaciers melted, and the water was re- 
turned to the ocean, causing sea level to rise. This interruption 
of the water cycle happened at least four times during the 
past 2 million years, resulting in four major Ice Ages. With 
each Ice Age, sea level dropped. With the melting of the 
glaciers, sea level rose. How do you suppose this rising and 
falling of sea level affected the sea floor and the shore line? 
How might it affect the ocean currents? Would you expect the 
lowered sea level to have any effect on geologic processes 
on the land? Are there any ways man might change the water 
cycle? How might these changes affect man’s future on Earth? 
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GCIiEeCK VOuUR FACTS 
1. Does the ocean retain all the heat it absorbs from the Sun? 
2. Which level of the ocean is the warmest? 


3. Which process accounts for about one half of the ocean’s 
loss of heat? 


APPLYING WHAT YOU HAVE LEARNED 


1. Different salts are brought to the ocean by rivers from many 
different areas. We might expect that if we were to sample 
different parts of the ocean we would find different salts in the 
water. Not so. Out in the main part of the ocean where the sea 
is well mixed, the proportion of one major ion to another is 
always the same. Thus, the ratio of sodium ion to chloride ion 
is the same in the southern Indian Ocean as it is in the north- 
ern Atlantic. Can you think of a practical use for this knowl- 
edge of constant proportions? 


2. Waters of the ocean are well mixed by wind-driven waves 
and by currents. The worldwide network of surface currents 
was well demonstrated several years ago. A float from a piece 
of oceanographic equipment was lost from an oceanographic 
research vessel in the North Pacific, south of the island of 
Adak in the Aleutians. Several years later this float washed 
ashore on a Spanish beach just inside the Straits of Gibraltar. 
On a chart of the world, trace the path this float must have 
traveled from where it was lost in the North Pacific to where 
it was found in the Mediterranean. How long would it have 
taken if the average current velocity was 5 km a day? 


3. Currents may occur almost anywhere. The axis of rotation 
of the newly-discovered planet Weirdo is parallel to that of 
Earth. However, the Sun rises in the west and sets in the east. 
The planet has one continent and one ocean of equal size. The 
shoreline of the continent passes through both ends of the pole 
of rotation. Describe the surface currents pattern in Weirdo’s 
ocean. On which side of the continent and under what con- 
ditions would upwelling occur? What other differences might 
you expect between Earth’s ocean and Weirdo’s? 


Et AMOI BRS 


phytoplankton (p. 233) upwelling (p. 238) 
gyre (p. 235) salinity (p. 238) 
Coriolis effect (p. 237) subsurface water mass (p. 238) 
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Figure 12.1 What is happening 245 
to our ocean of air? How long 

can we keep mistreating it like 

this? 


chapter I2 
The Ocean of Air 


If you were coming in toward Earth from outer space, one of 
the first things you would see would be big swirls of clouds. A 
closer look would tell you that these fleecy white streamers 
are always changing shape and position. They would seem to 
be drifting about in a kind of transparent sea. If this were your 
first trip to planet Earth, you might wonder what this “sea” 
is like. Then suddenly, before you had even completed your 
thoughts, its presence would become most obvious: The heat 
produced by the friction between it and your spaceship would 
completely burn up your ship—and you! Your story would end 
in a fiery streak very much like the passing of a “falling star.” 

But let us hope that instead your ship is properly shielded 
and shaped so that your story ends with a safe landing. But 
even so, you would know that this transparent envelope of 
air is very, very real, because of the sudden slow-down when 
your ship hit it. You would surely ask yourself: “What is 
this transparent mixture of gases that Earth men call their 
atmosphere?” 
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WHAT IS THE ATMOSPHERE? 


Although we cannot see the gaseous mixture we call the 
atmosphere, it is as real as the rocks in the hills, the waters 
in the sea, and the food we eat. It is estimated that there are 
5.7 x 10% tons of it. We nibble slightly at this huge amount in 
our lifetimes; the rate of consumption is about 14 kilograms 
a day per person. 


How do we depend on the atmosphere? The 
approximate composition of the atmosphere is shown in Table 
12.1. This is a long list for something as common as air. And 
this list is not complete! Other gases must be added, such as 
water vapor. And there are many solid substances that are 
scattered in the atmosphere in the form of small particles. 
We can see from the table that the atmosphere is about 78 
percent nitrogen and 21 percent oxygen. This leaves a tiny 
one percent for all other materials. But remember the old 
saying—important things don’t always come in big bundles. 
You already know how important oxygen is. You cannot 
live without it. What happens in your lungs when you breathe? 
What is happening in Figure 12.2? In order to live, you need 
energy. This energy is released to your body when glucose 
(a kind of sugar) from your body combines chemically with 


oxygen. 

Any process in which living organisms obtain energy from 
their food is called respiration. This process we have described 
is one form of respiration and can be represented in this way: 





Table 12.1 Composition of dry 
air collected from the lower 
part of the atmosphere 


Gas Percentage 
by volume 


nitrogen 78 
oxygen Dall 
argon 

carbon dioxide 

neon 

helium d) 
ozone 

hydrogen 

krypton 

xenon 

methane 


Figure 12.2 The patient is in 
an oxygen tent. How does the 
oxygen tent help him? 
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GHyO«, 560.5 6CO, + 6H,O + energy 
glucose oxygen carbon dioxide water 


All living things need energy to keep the life processes 
going. And with a few exceptions, all living things need oxygen 
to enable them to get this energy. 

You might think that carbon dioxide is not important, 
since you throw it away every time you breathe out. But 
carbon dioxide is very important, because plants use it to make 
food, such as glucose. Plants take in carbon dioxide through 
their leaves and water through their roots. With the help of 
the green substance called chlorophyll, and using the energy 
of sunlight, plants turn carbon dioxide and water into glucose. 
We don’t fully understand how this process works, but without 
it none of us would be alive. This beautiful and fantastic 
process is called photosynthesis, and it can be represented 
in this way: 


energy chlorophyll 

From Sun + SCO + 6H,O Hs 6O, + CoH,20, 
carbon water oxygen glucose 
dioxide 


Nitrogen, too, plays an important part in all life processes. 
Nitrogen is an essential part of the proteins that make up the 
flesh and bones of your body. There is much nitrogen in the air 
around us (how much?), but we cannot use it directly. We 
must rely on plants to take in nitrogen to build the proteins. 

Plants cannot take in nitrogen directly from the air either. 
They rely on various kinds of bacteria and algae that live on 
the roots of plants and change nitrogen from the air into nitro- 
gen compounds, which they give to the plants. Plants also 
rely on other kinds of bacteria that live freely in the soil and 
make nitrogen compounds from decaying materials; these 
compounds are then taken in by plants through their roots. 


a 


activity 12.1 The nitrogen cycle 


Try to draw a diagram to show what happens to nitrogen in 
nature. (This won’t be easy!) For example, you know that nitro- 
gen compounds are taken in by plants, which make proteins. 
The proteins are taken in by animals (including you) when they 
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eat the plants. Both plants and animals decay when they die. 
(The waste products of animals are also a rich source of decayed 
material.) So you can start your diagram this way: 


NITROGEN 


PLANTS 
COMPOUNDS ere ——}> PROTEINS ———> ANIMALS 


\ / 


DEATH; 
DEATH WASTE 


\ ELIMINATION 


DECAYING MATERIALS 


Y 


Draw as much of the diagram as you can. Your finished dia- 
gram will not be complete, because you have not been given 
enough information to make it complete. But at least it should 
give you an idea of what scientists mean by the “nitrogen 
cycle.” The nitrogen cycle is one of many, many cycles in 
nature. 





Because of exploding population and hunger in many 
parts of the world, man “helps” the nitrogen cycle along by 
adding nitrogen compounds to the soil to increase the growth 
of crops. Today, nitrogen-containing fertilizers that use nitro- 
gen from the atmosphere are manufactured to help prevent 
starvation. But these fertilizers can be a source of pollution 
if not carefully controlled. Remember eutrophication? Man’s 
“help” of nature is not always a help. 


History of Earth’s atmosphere. Have you ever 
wondered how our ocean of air got here and how it has changed 
through time? Do you think it is changing today? 

Earth very early in its history lost most of its original 
atmosphere of hydrogen, helium, ammonia, and methane. This 
was due to the very high temperatures that existed at that 
time. Then, as the molten rocks cooled, they released gases 
that had been dissolved in the melt; carbon dioxide, water 
vapor, and nitrogen were the main gases released. (How does 
this composition differ from the present composition?) These 
gases are comparable to the gases that escape from volcanic 
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vents today. But interestingly enough, no life-supporting oxy- 
gen was present. When did the oxygen appear? Where did it 
come from? 

Several theories have been given to explain the appearance 
of oxygen. Some scientists suggest that under the very high 
temperatures of an early atmosphere the water vapor (H,O) 
would be broken up into oxygen and hydrogen. But oxygen and 
hydrogen can also recombine into water under these condi- 
tions. Others have reasoned that in a later time, when Earth 
was cooler, sunlight acting on water vapor in the upper atmo- 
sphere could break it up into oxygen and hydrogen. But there 
is surprisingly little water vapor in the upper atmosphere. 
The most widely accepted explanation says that the lower 
atmosphere got its oxygen when plants started to produce 
oxygen through photosynthesis. 

In time the green plants started to use up the abundant 
carbon dioxide in a process of building plant tissue. (Plant 
tissue is made of substances that are made from glucose.) 
Normally the carbon dioxide would return to the atmosphere 
when the plant died and decayed. But some plants died in 
swamps and so they never completely decayed. Instead, they 
became fossil fuels, such as coal. The carbon dioxide that went 
into their formation never got back to the atmosphere. The 
immense coal fields found throughout the world give evidence 
of the great abundance of carbon dioxide in Earth’s atmosphere 
in the past. Carbon dioxide was also removed from Earth’s 
environment by countless numbers of small sea animals that 
used carbon dioxide in building their shells. The shells even- 
tually turned into limestone. Thus carbon dioxide is tied up in 
the mountains of limestone rocks and the tremendous coal 
deposits over Earth’s surface (Figure 12.3). 





Figure 12.3 In this coal mine, 
“fossilized” sunshine and carbon 
dioxide have been stored for 350 
million years. 





With the removal of carbon dioxide from the atmosphere 
and the condensation of water vapor into liquid water, nitro- 
gen became the most abundant gas and oxygen number two. 
Fortunately for us, the recipe turned out the way it did. This 
combination permits life to “tick” on planet Earth. 


A changing atmosphere. The composition of the at- 
mosphere over the surface of Earth and up to a height of about 
80 kilometers has not changed greatly in a long time. That is 
a correct statement, but it fails to give us the entire picture. 
Some of the minor changes carry a tremendous impact. There 
are two gases in the atmosphere that vary in amount—water 
vapor and carbon dioxide. The amount of water vapor has al- 
ways been variable. Over the humid tropics it will represent 
three to four percent of all gases present. Over the cold dry 
Arctic deserts the water vapor content is only a fraction of 
one percent. 

The amount of carbon dioxide also varies, but in another 
sense. Since 1900 the total quantity of atmospheric carbon 
dioxide is estimated to have increased 10 to 15 percent. It 
is believed that this is caused by increased burning of fossil 
fuels such as coal, petroleum, and natural gas. More sig- 


Figure 12.4 Imagine what would 
happen to New York City if the 
sea level rose 60 meters. 
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nificantly, it is believed by some atmospheric scientists that 
the warming trend in our climate is related to the presence 
of the carbon dioxide. The gas serves as an absorber of Earth 
heat. If the trend continues, the ice caps of Greenland and 
Antarctica could melt away. With their melting would come 
a rise in sea level of 30 to 60 meters. And when you consider 
how many of the large port cities of the world are located near 
sea level, we really have reason to be worried! (See Figure 
12.4.) But don’t sell your seashore cottage yet! All the facts are 
not in. 

Strangely enough, since 1940 there has been a slight drop 
in temperature. This change could also be related to human 
activity. But it was not brought about by a well-planned 
operation by man to keep the ice caps from melting. Various 
pollutants that man has been putting into the atmosphere 
serve as a shield. A layer of solids and gases has been spread 
across the heavens like a thin curtain of cirrus clouds (Figure 
12.5). They come and go as all clouds do, but their presence 
has added another variable to an already complex picture. 
This man-made curtain reflects a certain amount of Sun’s 
energy back to space. The result: less energy coming in, less 
warming at the surface, and lower temperatures on Earth. 


Figure 12.5 Jet aircraft contrails at left are spreading into thin cirrus 
clouds. In the photograph at right, taken two hours later, they are 
merging into a thin veil covering the whole sky. 
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Yes sir, with the explosion in our modern industrial way 
of life over the last few decades, there have been some notice- 
able additions to and changes in our ocean of air. Table 12.2 
has been prepared to give you an opportunity to review some 
of the new ingredients that we all contribute every day. 

Who is responsible for these ingredients? Most of us will 
point an accusing finger at industry and the big cities. But it 
is not that simple. All of us are polluters. Not only the city 
dweller; our country friends are also involved. Even your 
grandparents and generations beyond them polluted. Let’s 
back off and take a look. 

Do you think modern man has been the only one to use 
the atmosphere for disposing of waste materials? Is air pollu- 
tion something new? What about primitive society? It was com- 


Table 12.2 Aijr pollutants 
(With all this, some people still smoke!) 





Carbon monoxide (CO) 


Hydrocarbons: 
various compounds 
of carbon and 
hydrogen 


Nitrogen oxides: 
nitric oxide (NO) 
and nitrogen 
dioxide (NO,) 


Sulfur oxides: 
sulfur dioxide (SO,) 
and sulfur trioxide 
(SO,) 


Particulates: 
particles of solid | 
and liquid 
substances 


CO is produced when fuel is burned inefficiently. When fuel is burned effi- 
ciently, the combustion products are carbon dioxide (CO,) and water and some 
other substances, but little CO. CO is very poisonous. When inhaled, it is ab- 
sorbed into the bloodstream, where it interferes with the blood’s transporta- 
tion of oxygen to the tissues of the body. 


Hydrocarbons are the main components of petroleum, gasoline, and other 
fuels. Some unburned hydrocarbons are released into the atmosphere by 
engines along with the exhaust (combustion products). In the presence of 
sunlight, the hydrocarbons combine with nitrogen oxides to form some com- 
ponents of a kind of smog called photochemical smog. 


NO is produced under high temperatures, such as those in the combustion 
chambers of engines. In a series of chemical reactions, NO combines with 
oxygen to form the poisonous gas NO, and the poisonous gas O, (ozone). 
NO, NO,, and O, are some components of photochemical smog. 


SO, is produced in the burning of fuels containing sulfur, such as some kinds 
of coal. SO, combines with oxygen to form SO,, which then combines with 
water vapor to form microscopic droplets of sulfuric acid (H,SO,), a highly 
corrosive substance. Sulfur oxides are very damaging to lungs. 


Particulates include particles of ash, oil, acids, asbestos, and other minerals, 
metals, metallic compounds, radioactive isotopes, and many other substances. 
Some particles are big enough to be visible. Some are microscopic in size and 
can stay suspended in the atmosphere for long periods of time. The liquid 
particles in the atmosphere are called aerosols. 








Figure 12.6 Enormous amounts of matter are thrown into the atmo- 
sphere by volcanic eruptions. 


mon practice for man to burn his wastes. Uncontrolled fires 
generated huge clouds of smoke and haze. The smoke drifted 
about in the restless air. Some of the material in the smoke 
would fall out, but other materials would stay in the air for 
a long time. Waste burning is still a common practice. 

Take one more step back from the problem. Do you sup- 
pose there were any pollutants released before man came into 
existence? Yes sir! Long, long before “Smokey the Bear” 
posters appeared, lightning sparked many a forest fire—and 
it still does. Volcanic eruptions have ejected gases, fumes, and 
dust into the atmosphere with a force that only a volcano can 
muster (Figure 12.6). There have been winds sweeping across 
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deserts as long as there have been deserts to sweep. Enormous 
amounts of dust have been removed from the drylands of 
all continents. This kind of pollution has been around for a 
long time. 

If pollution is so common and if it has been around for 
such a long time, then why be concerned? In primitive society 
there were relatively few people to contribute to pollution, 
whereas now there are many more. But more significantly, 
our urban-industrial way of life is adding many new pol- 
lutants to the atmosphere (Figure 12.7). Think of all the auto- 
mobiles, jet planes, and factories. Radioactive pollutants 
came in with the atomic age. All these pollutants are new, 
and we really have no idea what harmful effects many of them 
will produce in the long run. We are also putting more and 
more of these pollutants.into the air at an ever-faster rate. 

What’s to be done about it? The attack on the problem 
must be along two fronts. First, there is the scientific-technical 
front. We can and must find new energy sources and better 
control of pollution-producing processes. To control it all is 
impossible, but we can improve greatly on the offenses of to- 
day. You may not be able to contribute to these efforts right 
away. Some of you may, however, through your training in 
science and engineering, contribute greatly along this front 
in the future. But you are in a position at this moment to 
attack along the second front—by expressing how you feel to 
public officials and industry representatives. We as citizens 
of Earth must refuse to accept excessive pollution. There will 
be a price to pay, but we must not give up so easily. Out of our 
efforts will come anti-pollution laws that will stop the activi- 
ties of those who do not have any respect for the Earth they 
live on. 


A LAYERED ATMOSPHERE 


If you could cut a slice down through the atmosphere, you 
would be impressed with the variety of different layers. Some 
of these layers are thin and others thick, some warm and 
others cold, somé heavy and others light. Some changes from 
layer to layer happen quickly, whereas other changes are 
gradual. The way we divide the atmosphere into layers 
depends on what property (characteristic) we are talking 
about. 


The millibar is a unit of pressure 
equal to 1000 dynes per square 
centimeter. Atmospheric pres- 
sure is also expressed in terms 
of the pressure exerted by a 
column of mercury. For example, 
standard atmospheric pressure 
is equal to the pressure exerted 
by a column of mercury 760 
millimeters (about 29.92 inches) 
high. Thus, you often see stan- 
dard atmospheric pressure 
written as 760 mmHg or 29.92 in. 
Hg. (Hg is the chemical symbol 
for mercury.) 


Figure 12.7 Every vehicle is 


pouring pollutants into the atmo- 
sphere. 
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Pressure and temperature changes. Suppose we 
start with the easy property: density. How does the density 
of air change from the bottom of the atmosphere to the top? 
The density of air would obviously be maximum at the bottom, 
because the air molecules there are pressed closer together by 
the weight of the air above them. A cubic centimeter of air 
at sea level would contain many more molecules than a cubic 
centimeter of air at 50 kilometers up. The pressure of the atmo- 
sphere at sea level is 100,000 newtons per square meter, or 
14.7 pounds per square inch. (Remember? Look back at the 
discussion of the rock cycle in Chapter 2.) This pressure is 
called standard atmospheric pressure or one atmosphere. It 
is frequently expressed as 1013.2 millibars. (See the more de- 
tailed explanation of standard atmospheric pressure on page 
254.) This pressure on our bodies is balanced by the internal 
pressure within our bodies; otherwise we would be crushed. 

Pressure in the lower atmosphere drops off quite rapidly. 
At 5 kilometers, which is not a really high altitude, one half 
the atmosphere by weight is below you; the pressure there is 
one half the pressure at sea level. This fact may give you some 
appreciation of how compressed the surface air is. Many moun- 
tain peaks approach 55 kilometers, and several are two or 
more kilometers higher. At 18 kiometers, 90 percent of the 
atmosphere is below you. At 50 kilometers, 99.9 percent is 
below. From 50 kilometers out to 30,000 kilometers, the re- 
maining one tenth of one percent is spread very, very thin. 
This gradual decrease of pressure presents a most graceful 
curve when plotted on a graph (Figure 12.8). 

Now let’s use temperature (rather than pressure) to define 
the divisions of the atmosphere. The zig-zag curve of tem- 
perature (Figure 12.9) is in striking contrast to the smooth 
pressure curve. 

The temperature changes are related to an intricate rela- 
tionship that exists between the atmosphere and solar energy. 
We seldom think of these two natural phenomena in the same 
context. Yet few things interact so intimately and with such 
important results. Without solar energy the ocean of air would 
be quite different. 

Solar energy (such as light) travels earthward at about 
300,000 kilometers per second. The trip takes 8.3 minutes. 
But it takes only a small fraction of a second to pass through 
the atmosphere. During this time, however, many interesting 
things happen. Some of these happenings are vital to every 
one of us, whether we know it or not. 


Figure 12.8 Pressure decreases 
rapidly with altitude. 
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Troposphere. In the lower part of the atmosphere, the 
decrease in temperature with height is about 6.5°C per 
kilometer. At approximately ten to 15 kilometers the temper- 
ature drops to a low —60°C. Why wouldn’t it be warmer at 15 
kilometers? After all, you’re nearer the Sun there. True, but 
the Sun is not the direct heat source for the lower atmosphere. 
Have you thought about that? The lower layer of the atmo- 
sphere is warmed by the warmed Earth. The air nearest the 
warmed Earth is obviously the warmest. Since the air is 
warmed at the bottom, there is a tendency for it to overturn. 
The lighter warmed air is buoyed up and the cooler air sinks 
and replaces it. This characteristic restlessness gives the 
lower sphere the name troposphere—the sphere of over- 
turning (tropo is Greek for “turn”). 


Gree ey OU R*-A Gags 
_ What are the two most common gases in the atmosphere? 
. What is one form of respiration? 


. What is photosynthesis? 


if 

2 

3 

4. Can we live without nitrogen? 

5. How did the lower atmosphere get its oxygen? 
6 


_ What are some ways in which man has changed Earth’s 
atmosphere? 


Stratosphere. Above the troposphere and up to 29 kilo- 
meters there is a gradual warming. Then a sharp increase 
takes place, until at 48 kilometers the temperature reaches 
a surprising 77°C. This is a stable layer, because the cold, 
heavy air is on the bottom. The stability means little vertical 
air movement and the air becomes stratified (layered)—thus 
the name stratosphere. But why should it be warm in the 
stratosphere? The reason is the absorption of solar energy 
in the ozone layer. Ozone! What is ozone? You are familiar 
with the gas oxygen, right? Well, ozone is a near relative to 
oxygen. Each ozone molecule contains three oxygen atoms. 
The ultraviolet rays from the Sun break up the oxygen. The 
free atom of oxygen will then collide with existing oxygen 
molecules and the result is ozone: O,. The process can be 
written like this: 
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Figure 12.9 Temperature varies 
greatly with altitude. 
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Ozone is a poisonous gas; a minor trace can be found in 
the lower atmosphere. Some of it may be moved down from the 
stratosphere by air motion and some is formed by lightning 
flashes. Fortunately it does not accumulate in the troposphere. 
Ozone can be broken up by solar energy in the reverse process 
of its formation. The result is that the molecules of ozone are 
constantly being formed and destroyed (Figure 12.10). The 
most important function of this ozone layer is filtering out the 
intense ultraviolet rays. Without the absorbing capacity of 
this layer, the ultraviolet rays would fry us to a crisp. So with 
regard to ozone we are in a bind. We cannot live without its 
presence in the stratosphere as a shield, but we cannot live 
in its presence on Earth. Strange situations are found in 
nature! 


Mesosphere. Beyond the stratosphere comes the meso- 
sphere. Here the temperature decreases with altitude just 
as it did in the troposphere, and for the same reason. In the 
troposphere the Earth was the source of warmth, whereas in 
the mesosphere it is the ozone layer that provides the heat. 
The temperature throughout the mesosphere decreases until 
it reaches a low of —90°C at 80 kilometers. This is the lowest 
temperature reached in the atmosphere. 


Thermosphere. The top of the mesosphere, at 80 to 89 
kilometers, marks the most important change in the atmo- 
sphere. It is the beginning of the thermosphere. In the 
thermosphere temperature climbs to about 2000°C. A tem- 
perature of 2000°C seems extreme. But is 2000°C in the ther- 
mosphere the same as 2000°C at Earth’s surface? No! At 400 
kilometers the air is so thin that temperature as we know it 
is meaningless. As temperature increases at Earth’s surface, 
the molecules and atoms making up the gases vibrate rapidly 
and the collisions among them are frequent. Heat energy is 
transferred in these collisions. In the thermosphere, however, 
there are so few atoms and molecules bouncing around that 
they would not pass on much warmth. 


Figure 12.10 Formation 
destruction of ozone. 


and 
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Up to the thermosphere the composition of the atmo- 
sphere is surprisingly uniform. Beyond it, however, the gases 
occur in layers, depending on their weights. We could call 
this “gravitational demixing.” The lowest layer is molecular 
nitrogen (N,), since it is the heaviest. Then comes atomic 
oxygen (O), next a helium layer, and finally the light gas 
hydrogen makes up the layer from 2500 kilometers out to 
10,000 kilometers (look back at Figure 1.5). There is no well- 
defined upper boundary to the hydrogen layer. Beyond the 
10,000 kilometers the number of hydrogen atoms would be 
about the same as in the broad expanses of space between 
planets. Yet even at 35,000 kilometers some of the hydrogen 
atoms seem to be following Earth’s motions. They thus become 
part of the atmosphere of our planet. It is difficult to believe 
that our atmosphere reaches out so fa: . 


lonosphere. Cutting across the upper layers of the at- 
mosphere is still another sphere, the ionosphere. It includes 
a part of the mesosphere and all of the thermosphere, but it 
is not a separate region such as the troposphere, stratosphere, 
mesosphere, or thermosphere. Yet it is there, and important 
to us and for several reasons. 


Figure 12.11 Radio waves are 
reflected from the ionosphere. 
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From 80 to 400 kilometers there is an electrically charged 
layer. Perhaps we would say from 50 to 1000 kilometers, but 
the charge is greatest between 80 and 400 kilometers. As the 
energetic gamma rays and X rays from the Sun enter the 
layer of nitrogen and oxygen, they are absorbed. It is this 
action that is responsible for the high temperature of the 
thermosphere. In the process, electrons are given up by the 
molecules and atoms and they become positively charged ions. 
Therefore, this electrically charged area is known as the 
ionosphere. We should be thankful for the absorption, because 
X rays and gamma rays would kill us even more quickly than 
ultraviolet rays would. 

The bottom of this ionized sphere reflects radio waves 
back to Earth (Figure 12.11). Without these ionospheric layers, 
there would be no radio reception from sources beyond 80 to 
100 kilometers. Why? Because radio waves travel in a straight 
line and Earth’s curvature would prevent any reception be- 
yond this distance. 





Figure 12.12 This brilliant au- 


rora was 
Alaska. 


photographed 


in 
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The most spectacular feature of the ionosphere is the 
colorful aurora borealis, better known to us as the northern 
lights (Figure 12.12). (An aurora in the Southern Hemisphere 
is called aurora australis.) Auroras occur when atoms and 
molecules of hydrogen and oxygen in the ionosphere are 
excited by particles of the solar wind and give off a greenish 
and sometimes a red and violet glow. These colors sweep and 
roll through the sky. They may last only moments, or they 
may play for hours. The solar particles that produce the 
auroras tend to follow Earth’s magnetic lines of force. There- 
fore auroras occur near the poles, where the lines of force dip 
down into the atmosphere (look back at Figure 1.4). Most of 
us living in the contiguous United States (the United States 
except Alaska and Hawaii) have few opportunities to ex- 
perience these aerial displays. If you live in Alaska, however, 
or northern Scandinavia, you could count on such displays 
nearly every night—if there are no clouds. On occasions of 
violent solar outbursts, when Sun sends out unusually large 
numbers of particles, the particles move closer to Earth before 
following the magnetic lines of force. Under these conditions 
the citizens of Ohio, California, and points even farther south 
may see auroras. 


Cinleckk YOUR FACTS 

1. What is the direct heat source for the lower atmosphere? 
. Is the stratosphere a stable or unstable layer? 
. What is ozone? 


2 
3 
4. How high does the temperature get in the thermosphere? 
5. What gas is found above 3500 kilometers? 

6 


. Where do auroras occur? 


APPLYING WHAT Y OUGSHAYV EZEEARNED 


1. What would happen if our air contained 21 percent carbon 
dioxide instead of 21 percent oxygen? 


2. How would planting trees help to replenish the atmo- 
sphere’s supply of oxygen? 


3. Do you think that the percentage of water vapor in the 
atmosphere has not always been constant throughout geologic 
time? Explain. 
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4. In 75 years the atmosphere’s carbon dioxide content has 
increased 15 percent. What do you predict for the next 75 
years? 


5. How would a thicker cloud formation or denser air mass 
affect the temperature of your environment? 


6. Why does the atmosphere have different properties at dif- 
ferent levels? 


7. What is the relationship between ozone and oxygen? How 
could you make ozone? 


8. If suddenly the ozone layer in the upper atmosphere disap- 
peared, what might happen to life on Earth? 


9. Why is temperature, as we know it, meaningless in the 
upper regions of the atmosphere? 


10. What causes auroras? 


11. What might happen to our environment if a layer of black 
dust from pollution was spread evenly over the polar ice fields? 


12. Compare the density and temperature of the atmosphere 
at an elevation of 50 meters to that at 50 kilometers. 


eyeaWVORDS 


respiration (p. 246) mesosphere (p. 257) 
photosynthesis (p. 247) thermosphere (p. 257) 
troposphere (p. 256) ionosphere (p. 258) 


stratosphere (p. 256) 
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Figure 13.1 In this chapter you 263 
will learn why Earth has many 

different environments, such as 

(a), (b), (Cc), and (d) shown here. 


chapter 13 
Weather and Climate 


What subject do people talk about most? Probably the weather! 
Every news broadcast includes something about the weather. 
Weather is a favorite subject for starting conversations. And 
most of us don’t realize how many expressions concerning the 
weather our language has. For example, if your lunch room or 
dining room is nicely decorated, you say it has atmosphere. A 
politician’s speeches are sometimes described as just hot air 
coming from an old wind bag. The tendency of weather to 
change finds expression in the idiom a fair weather friend. And 
this lesson may be a breeze for some students but rather foggy 
for others. 

What makes the weather? Although we have not directly 
mentioned the factors that go into the making of weather, the 
sentences in the last paragraph have identified them: temper- 
ature (is it hot or cold?), wind (is it windy or calm?), and pre- 
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cipitation (is it rainy or clear?). These factors work together in 
very complicated ways to make up the weather. 

“But what about climate?” you ask. That is a term that we 
also hear when temperature, precipitation, and wind condi- 
tions in our area are discussed. Expressions like “This is sure a 
rainy climate!” or “I like the sunny climate here” are common 
expressions. Because of the similarity of these two terms, it is 
important that we distinguish between them before going on. 
Weather is commonly defined as the conditions of the at- 
mosphere at a given time and place. Climate, on the other 
hand, is the weather conditions—including temperature, pre- 
cipitation, and wind—that are characteristic of an area or 
region. So weather is what you experience at a particular time, 
and climate is the average of all the weather conditions taken 
over a long period of time. Keep in mind, however, that like 
everything else, weather and climate can and do change! 

Now that we know the difference between weather and 
climate, let’s take a look at the factors that go into their 
making. 


WHAT KEEPS EARTH WARM? 


The Sun is our most important source of heat. The planet Earth 
intercepts about one two-billionths of the total energy emitted 
by the Sun, and about one third of this amount is reflected or 
scattered back into space (Figure 13.2). The remaining two 
thirds is absorbed by the atmosphere; it is what keeps us warm. 

How does this two thirds get into the atmosphere? The 
processes are both simple and complicated. One of the easiest 
to understand is conduction, which you read about in Chapter _ 
11. Conduction is the direct transfer of heat from molecule to 
molecule—from one substance to another. But since air is a 
poor conductor, the process is slow and of limited importance. 


The greenhouse effect. Radiation, however, is of 
prime importance. In contrast with conduction, radiation is a 
process that does not require a medium of transfer. Solar en- 
ergy travels through space as electromagnetic waves. (You 
will read about electromagnetic waves in Chapter 18.) Those 
waves that make up visible light (and some other electro- 
magnetic waves as well) can penetrate the atmosphere; there- 
fore most such waves reach Earth’s surface. At Earth’s sur- 
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face, however, a transformation of energy takes place. The 
energy is absorbed, and then it is re-emitted—but as waves of 
longer wavelength. These longer electromagnetic waves can- 
not penetrate the atmosphere easily. Therefore, instead of 
passing through the atmosphere and out into space, they are 
“trapped”—that is, they are absorbed by the atmosphere. This 
trapping of energy is called the greenhouse effect because it 
is similar to what goes on in a greenhouse. In a greenhouse, 
visible light passes through the glass or plastic windows and 
is absorbed and then re-emitted as longer waves. The longer 
waves cannot pass through glass or plastic easily, and so are 
trapped inside the greenhouse. (In the atmosphere, carbon 
dioxide and water vapor serve as the glass or plastic windows 
of a greenhouse. They absorb the longer waves, preventing 
them from escaping into space.) 


CIRNECKIK VWOWR FACTS 

1. What is the difference between weather and climate? 

2. What are the three major factors that make up weather? 
3. What is our most important source of heat? 


4. How is the atmosphere warmed? 






Figure 13.2 Many things happen 
to solar energy as it passes 
through our atmosphere. It 
bounces around from here to 
there and about one third (34%) 
is lost. The remaining two thirds 
(66%) is what keeps us warm. 
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AVERAGE SEA-LEVEL TEMPERATURE, JANUARY 


—40°F (40°C) _ 













TEMPERATURE DISTRIBUTION 


What can you say about temperature in various areas of the 
world? How does Alaska compare with Florida? 

Take a look at Figure 13.3, which shows Earth’s tempera- 
ture patterns for January and July. The lines that extend 
across the maps are called isotherms; they connect points 
that have the same average daily temperature in the months 
indicated. If you read the temperature values of the isotherms 
you will note that the maximum temperatures occur in the 
tropical (low-latitude) areas, and the minimum temperatures 
occur in the polar (high-latitude) areas. This certainly should 
not surprise you. You have known for a long time that temper- 
ature decreases from the equator to the Poles. But why? 

The unequal distribution of temperature over Earth’s 
surface is caused largely by the spherical shape of Earth. Have 
you thought of this? If Earth were a cube, the temperature 
distribution would be quite different! Since Earth’s surface is 
curved (Figure 13.4), the Sun’s rays strike the tropical areas 
perpendicularly, or nearly perpendicularly. As you travel 
north or south of the equator, you find the Sun’s rays striking 
the ground at more and more of an angle. Finally, at the Poles, 
the rays are horizontal or nearly horizontal. Thus solar energy 


—40°F (—40°C) 


Figure 13.3 Compare the tem- 
perature distribution over Earth's 
surface in January (above left) 
and July (above right). Notice how 
the pattern changes. 
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falling on polar areas has to cover more ground than the same 
amount of energy falling on tropical areas (Figure 13.5). Also, 
energy falling on polar areas has to travel a greater distance 


Figure 13.4 Ray A’B’ has to travel through more atmosphere (indi- 

cated by color) than ray AB. Figure 13.5 The same amount 
of solar energy (represented by 
beam of the same width) has to 
cover more area in polar regions 
than in the tropics. 
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through the atmosphere, as can be seen in Figure 13.4. There- 
fore, less of it gets through to the ground. 

Now take another look at the maps in Figure 13.3. Do all 
the isotherms extend east and west? What about the isotherms 
across North America and Eurasia? Don’t they deviate notice- 
ably from the general east-west pattern? Look at the iso- 
therms in the Southern Hemisphere. They follow the east- 
west pattern almost perfectly. Why? Notice that the continents 
dominate Earth’s surface in the Northern Hemisphere. It 
seems then that the explanation of the abnormal behavior of 
isotherms north of the equator is related to the presence of 
large continents. And in the Southern Hemisphere, the sea- 
sonal stability of the thermal pattern is related to the enor- 
mous bodies of water. But why? 

As you learned in Chapter 11, the oceans are Earth’s 
thermostat. Water is transparent and the rays of the Sun can 
penetrate it to some extent. This means that a large mass will 
be warmed slightly. The ground is opaque and warming is 
limited to a thin layer that heats rapidly. The waters move; 
there is much mixing in the oceans. The land does not move— 
except, of course, slowly, over geologic time. Water has a much 
higher specific heat than land. This means that much more 
heat energy is needed to raise the temperature of a given 
mass of water by a given amount than is needed to raise the 
temperature of the same mass of land by the same amount. 
Complicated? It may help you to think of it this way: Water 
absorbs more heat than land; it is a good storer of heat. Be- 
cause it is a good storer of heat, it is also a good distributor of 
heat. It absorbs a lot of heat from warm regions of the world 
and, when it flows to colder regions, gives up a lot of heat. 
Without the oceans, hot regions would be even hotter and cold 
regions would be even colder. 

With these considerations in mind, look again at the 
January map in Figure 13.3. (In January, it is winter in the 
Northern Hemisphere and summer in the Southern Hemi- 
sphere.) Note how the isotherms in the Northern Hemisphere 
dip strongly equatorward around the cold continents. But note 
also how they reach poleward around the warm oceans. Be- 
cause of this poleward and equatorward bending from ocean to 
land, the general east-west pattern is stretched in a north- 
south manner in some areas. The contrast in summer between 
continent and ocean is not as well defined as in winter. There 
is, however, a gentle curving of the isotherms poleward around 
the warm continents in the Northern Hemisphere. In the 
Southern Hemisphere the isotherms maintain the east— west 
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orientation. There are no large continents there to interrupt 
the seasonal pattern. 


Thermal zones. Now let’s take the two maps and simplify 
them. Let’s eliminate all isotherms except the two for the 
coolest month (18°C or 65°F) and the two for the warmest 
month (10°C or 50°F). (See Figure 13.6.) Why these values? 

A temperature of 18°C for the coolest month is critical 
because it defines the limits of the tropical zone. When the 
average temperature of the coolest month is below 18°C, 
tropical plants begin to disappear from the landscape. It does 
not matter how hot it gets in the tropics; the critical issue for 
tropical plants is how low the temperature drops. A tempera- 
ture of 10°C for the warmest month defines the limits of the 
polar zones. If the average temperature of the warmest month 
does not reach 10°C, trees run into problems. It does not matter 
how low the temperature may drop; the critical value for the 
growth and reproduction of trees is 10°C or more. When the 
temperature averages less than that, the forest disappears. 
The areas between the tropics and the polar zones are the 
middle latitudes or temperate zones. The northern temperate 
zone is where most of us live. Since they are betwixt and be- 
tween, the temperate zones take on the characteristics of their 
neighbors. They can be as hot as the tropics and as cold as 
the Arctic. 


CHECK YOUR FACS 
1. Why is temperature distributed unequally over Earth? 


2. Why are the temperatures of 10°C and 18°C critical? 


M9 Polar ii 


Figure 13.6 Earth’s great ther- 
mal environments or zones are 
plotted on this map. Figures 13.4 
and 13.5 show why there are 
such different zones. Of the en- 
vironments shown in Figure 13.1, 
(a) is found in the north polar 
zone, (b) and (c) are found largely 
in the temperate zones, and (d) 
is found in the tropical zone. 
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WIND AND PRESSURE 


Temperature differences on Earth are more important than 
you may think. Temperature differences are related to pres- 
sure differences, and pressure differences are responsible for 
the winds. Let’s consider one tiny example. On a winter day, 
the pressure of the cold, dense air outside your window is 
likely to be slightly higher than the pressure of the warmer, 
less dense air in your room. Open the window, and you will 
feel the cold outside air rush inside. Why? Because air flows 
from regions of higher pressure to regions of lower pressure. 
Winds all over Earth’s surface work pretty much the same way 
as the “mini-wind” you created by opening the window. 
The global patterns of wind and pressure in winter and 
summer are plotted on the world maps in Figures 13.7. At 
first glance the maps are bewildering—a big tangle of lines 
and arrows. But don’t give up. There’s rhyme and reason in 
the pictures. The lines are isobars; they connect points of 
equal pressure. As you can see, pressures over the world vary Figure 13.7 The pattern of 
quite a bit from the pressure that is taken as standard at- [Earth’s surface winds and pres- 
mospheric pressure: 1013.2 millibars (see pages 254 and 255). Sere ae SRO 4 aaa vas 
The arrows on the maps represent the winds. The letters H arrows and pressure is shown by 
and L on the maps represent high-pressure areas and low-pres-_ !sobars. (Standard atmospheric 


: Ll: » tt ” pressure is 1013.2 millibars or 
sure areas (commonly called just “highs” and “lows,” as you 55 95 inches.) Note how the pat- 
tern changes between January 


and July. 
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have undoubtedly heard on television). Why this pattern? 
What controls it? 


The doldrums—a low. Let’s start our investigation of 
pressure and wind with the low pressure area and adjacent 
winds near the equator. The area is called the intertropical 
convergence zone (ITC). It is also known as the equatorial 
low or the doldrums. The zone zigs and zags around the 
equator. And there is a seasonal shifting. You have to contrast 
the position of the ITC in January with its position in July to 
appreciate this feature. Do this! Let your eye follow the ITC on 
the January map across to the July map and back again. And 
note that the winds from the north and south tend to converge 
(come together) at the ITC. (These winds, called the trade 
winds, are shown in the much simplified diagram of the global 
wind and pressure pattern in Figure 13.8. Note that winds are 
named for the direction from which they blow.) 

Now the explanation of several features we have observed. 
Why a low pressure near the equator? Why the seasonal shift- 
ing? Why the trade winds and why are they not the same in 
both hemispheres? As you learned earlier in this chapter, the 
highest temperatures are found in the tropical zone. The sur- 
face air there absorbs a great deal of heat. As the air is warmed, 
it expands, becomes less dense, and rises. So here is the ex- 
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planation of why the equator is a region of low pressure: be- 
cause the air there is leaving it! The air rises to the upper 
regions of the troposphere, where it splits, part of it moving 
north and part of it moving south, as shown in the left part of 
Figure 13.8. This is convection on a gigantic, global scale. . 


a SI TEES TR TSS EE LD EE OL TL EEL 


activity 13.1 Convection in a meatloaf pan 


For this activity you will need a transparent, heatproof meat- 
loaf pan (such as a Pyrex meatloaf pan), a medicine dropper, 
some colored liquid (such as ink or food coloring), a Bunsen 
burner, and a laboratory stand or tripod on which to put the 
pan while you’re heating it. 

Fill the pan almost full with water. Put it on the stand and 
put the lighted Bunsen burner under one end of it. Fill the 
dropper with the colored liquid. After a few minutes, insert the 
tip of the dropper into the water at the end away from the Bun- 
sen burner, squeeze some of the liquid into the water, and with- 
draw the dropper. Watch the pattern made by the colored 
liquid. (If nothing happens, wait. A pattern will develop after 
the water gets hotter.) How do you explain the pattern? Which 
end of the pan represents the equatorial region? 


NUE AES 


Figure 13.8 This is a very sim- 
plified diagram of the pressure 
belts and wind circulation pat- 
terns of Earth. The many irreg- 
ularities in the pattern are not 
shown. 
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The seasonal shifting of the ITC is obviously tied up with 
the seasonal shifting of the temperature pattern. As the 
tropical region of high temperature shifts north and south 
from season to season, the equatorial low and the trade winds 
follow. They have no choice. They are Sun-controlled. 
Do you notice something peculiar about the direction the 
winds blow? Look again at the left part of Figure 13.8. Air 
rises from the equator and sinks around 30 degrees north and 
south. From there, why doesn’t it go straight back (directly 
south and directly north) to the equator? Let’s carry this 
thought one step further. Since Earth is warmest at the equa- 
tor and coldest at the Poles, why isn’t the global circulation 
pattern the simple pattern shown at left in Figure 13.9? Air 
would rise at the equator, sink at the Poles, and from there 
move directly back to the equator. We would have only two 
kinds of winds—directly from the north and directly from 
the south! 
But this is not so. For example, the trade winds in the 
Northern Hemisphere blow not directly to the south but to 
the southwest. They veer to the right from a southbound path. 
And the trade winds in the Southern Hemisphere veer to the 
left from a northbound path. Why? 
The answer is our old friend from Chapter 11, the Coriolis 
effect. Since air is not firmly attached to Earth, a parcel of Figure 13.9 If the Coriolis ef- 
moving air (that is, a wind) tends to travel in a straight line, pe seer ia pecan as 
maintaining its original speed and direction. However, as the below would take place. The 
trade winds move toward the equator, they are moving from Coriolis effect causes winds to 
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eters per hour to an area where the surface rotation is about 
1600 kilometers per hour (Figure 13.9). Therefore the trade 
winds keep “falling behind” Earth’s surface. To us, attached to 
the surface, this “falling behind” appears as a veering to the 
right in the Northern Hemisphere and to the left in the 
Southern Hemisphere. And of course the Coriolis effect occurs 
with all winds, not just the trade winds. In fact, it can be ob- 
served in just about every kind of motion: ocean currents, the 
path of a missile—even the path of a rock you throw, if you 
had super-accurate instruments to measure it with. 


Subtropical high—the gear wheel of weather. 
Poleward from the ITC is the most noticeable surface pressure 
pattern of the entire show. In Figure 13.7, note the highs at 
about latitudes 30°N and 30°S over the oceans. These are the 
subtropical highs. They form a dominating, east— west pat- 
tern. The winds swing about these high-pressure centers like 
immense gear wheels. In the Northern Hemisphere the mo- 
tion is away from the high and clockwise around it. In the 
Southern Hemisphere the motion is away from the high and 
counterclockwise around it. On the equator side of these belts 
of subtropical highs, the winds are known as the stable trade 
winds; on the poleward side they are the stormy westerlies. 
Once you understand this basic, simple pattern of the sub- 
tropical highs and associated winds, you are on your way to 
understanding weather. 

Now the big question. Why should there be such persistent 
features as the subtropical high? We don’t know the complete 
answer, but we know part of it. As you learned earlier, air rises 
from the equator to the upper part of the troposphere, where 
it levels off and turns poleward. These winds are called anti- 
trades. Because of the Coriolis effect, the poleward-moving 
antitrades veer more and more to the northeast in the North- 
ern Hemisphere and to the southeast in the Southern Hemi- 
sphere. Finally, at about latitudes 30°N and S, these high- 
level winds begin to pile up and descend. This piling up and 
descending contributes to the high pressure at Earth’s surface 
at these latitudes. 

Another reason for the persistence of the subtropical 
highs involves cooling of the air rising from the equator. 
Warm air can hold more water vapor than cool air. The warm 
air at the equator contains a great deal of moisture. As it rises 
and cools, it can hold less water vapor, and so water condenses 
out of it and falls as rain. (This is why it rains so much in 
equatorial regions.) When water vapor condenses to form 
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liquid water, heat is released, adding heat to the air. However, 
when the air levels off at high altitudes to become the anti- 
trades, it loses heat by radiation into space. The dry, cooled, 
denser air then sinks at the 30° latitudes, increasing the sur- 
face pressure there (producing a high). From there the air 
again splits—part of it flowing to the equator, joining the trade 
winds for another round, and the rest of it flowing poleward to 
become the westerlies. 


Subpolar low—battleground of airmasses. Going 
farther poleward, we find at about 65°N and S two other low- 
pressure zones. In the Northern Hemisphere there are two 
well-defined low-pressure centers in January: one in the North 
Atlantic near Iceland and the other in the North Pacific near 
the Aleutian Islands. In the Southern Hemisphere the low- 
pressure zone circles the entire Earth (Figure St) 

We can explain more easily why the subpolar lows happen 
to be where they are if we include in the discussion the polar 
highs. They are the last of the major pressure zones. At the 
Poles temperatures are low, and therefore the air is dense and 
the surface pressure is high. Out of these polar highs pour the 
cold, dry polar easterlies. They meet the warm, moist west- 
erlies at about 65°. When these two very different air masses 
collide in the vicinity of the subpolar low, the battle of air 
masses takes place. The cold air hugs the ground and pushes 
equatorward. The warm air rides up over the invader (Figure 
13.10). A counterclockwise flow of air builds up as the storm 
deepens, resulting in a middle-latitude cyclone, which will be 
discussed later in this chapter (Figure 13.12). A great deal of 


Figure 13.10 The warm west- 
erlies pick up moisture (water 
vapor) from the ocean. As the 
moist air rises over the cold 
easterlies, the moisture con- 
denses out as clouds and rain. 
Solar energy is absorbed by 
water when water evaporates 
(changes from liquid to vapor). 
This energy is “stored” in the 
vapor. When the vapor condenses 
to liquid, the stored energy is 
released in the form of heat. This 
released solar energy iS what 
keeps the storm going. 
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rain condenses out of the warm air. The release of heat during 
condensation is responsible for the low pressure at these 
latitudes. 

We have talked only about the worldwide patterns of 
winds and pressures—patterns that change only from season 
to season. But of course there are many other kinds of circula- 
tion patterns—ones that cover smaller areas and change more 
frequently, even between day and night. For example, in many 
coastal areas there is a breeze blowing from sea to land during 
the day (especially during a hot day), and a breeze from land 
to sea at night. What causes these breezes? (Hint: During the 
day, the land is warmed by the Sun. What happens to the air 
over the land?) 


CRrECK YOUR FACTS 

1. How is wind related to pressure differences? 

2. Why does air rise at the equator? 

3. Why does it rain so much in equatorial regions? 


4. What are some differences between the polar easterlies and 
the westerlies? 


PRECIPITATION 


Finally we come to precipitation. To say that precipitation is 
the most important element that goes into the making of 
weather and climate would be wrong. All the elements are 
important. They are inseparably bound to one another. 
Changes in one element bring about changes in all. However, 
with certain reservations we can say that the pattern of rain- 
fall is the pattern of life—plants, animals, us. 

In our investigation of rainfall—where it is and why— 
we will use as our guide the map of annual rainfall in Figure 
13.11. The lines connect points of equal rainfall and are called 
isohyets. Let’s choose the 50-cm isohyet as a dividing line and 
begin our investigation by looking at areas that get less than 
50 centimeters of rain a year. These are considered areas of 
limited rainfall. Later we will look at areas on the other side 
of the 50-cm isohyet. 

There are some pretty bold patterns in Figure 13.11. Focus 
your attention on the Eurasia- Africa land mass. Note the 
pattern of limited precipitation extending south and gently 
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westward from the Arctic edge of Eurasia through the Middle 
East, turning westward across Africa and extending far out 
into the Atlantic at about 25°N. 

Now look at North America. See the same basic pattern? 
The area with less than 50 centimeters of precipitation pushes 
out across the Arctic edge, then narrows rapidly and crosses 
western America in a north-south manner. Finally there is a 
westward extension into the Pacific. What are the differences 
and similarities between the pattern in North America and 
that in Eurasia- Africa? 

In the Southern Hemisphere the same pattern of limited 
precipitation can be recognized. You might look at Australia 
first because the pattern there is so striking. The entire heart 
of Australia is dry. Note that the wedge of dryness reaches 
across the west coast at about 25°S and extends westward into 
the Indian Ocean. And you can see the same pattern in South 
Africa and South America. 

How do we explain this pattern? Why do the world’s 
deserts line up on the same side of the continents and at the 
same latitude? Why do the tongues of limited rainfall extend 
over the ocean? Why are there dry areas in the interior of the 
continents? How do we explain the spread of limited precipita- 
tion along the Arctic edge and across the Pole? Only controls 
on a global scale could produce such a consistent pattern. Let’s 
see how these global controls work. 


ANNUAL RAINFALL (CM) 














Figure 13.11 Earth’s graceful 
pattern of dryness and wetness 
is shown on this map. Of the en- 
vironments shown in Figure 13.1, 
(a), (b), and (c) are found in the 
areas covered by the arrows 
(under 50 centimeters of precip- 
itation). Environment (d) is found 
in areas of heavy rainfall. 
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The desert maker. If you look along the 25° latitudes on 
a physical map of the world, you will find the subtropical 
deserts. You have heard of some of them. The important ones 
in the Northern Hemisphere are the Mojave in the United 
States, the Sahara in Africa, and the Arabian and Thar in the 
Middle East. In the Southern Hemisphere they are the Ata- 
cama in South America, the Kalahari in South Africa, and the 
Great Australian. All are situated along the subtropical high. 
Is this a coincidence? Or does the great gear wheel of weather 
have something to do with desert making? It does, and how! 

As you learned earlier, the antitrades feeding into the 
subtropical highs from above are dry. The moisture was 
dropped in the doldrums. This is part of the reason why the 
subtropical highs are desert makers. Another and more im- 
portant reason is that air sinking down toward a subtropical 
high gets compressed and therefore warms up. With warm air 
above and cooler, heavy air near Earth’s surface, there can be 
very little overturning of the air. The surface air cannot rise. 
Gravity will not let it. Because of this condition, few clouds 
are formed and very little rain falls. 

As the trade winds sweep out from the land over the 
adjacent oceans, they take with them the desert-making con- 
trols: warming air and stable conditions. The shape of the dry 
wedge defined by the 50-cm isohyet demonstrates this flow. 
Note particularly the pattern in the North and South Pacific 
off the coast of California and Peru. 


Middle-latitudes drylands and polar edge. Look 
at Figure 13.11 again and note the areas of limited rainfall to 
the north and east of the Sahara and Thar. These huge islands 
of dryness are too far north to come under the control of the 
desert maker. For convenience we will call one of the areas the 
Turkestan Desert, although it is really made up of many small 
deserts. At about the same latitude, but hundreds of kilometers 
to the east, are other very dry areas, the biggest one being the 
Gobi Desert. 

What causes these dry areas? If the subtropical high is 
not the cause, what is? The answer is obvious if you study the 
rainfall map. These deserts are in the belt of the stormy west- 
erlies. But there is a great distance between the Atlantic, the 
major source of moisture (water vapor), and Turkestan. Mois- 
ture is given up bit by bit over the 6000-kilometer journey. By 
the time the air masses reach the Turkestan and Gobi areas, 
the stormy westerlies are not too stormy. They’re all stormed 
out. 
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Figure 13.12A In part (a), the 
cold and warm air are separated 
by a stationary front. The two 
bodies of air do not mix. In part 
(b), a wavelike disturbance de- 
velops along the front and the 
cyclone is born. In part (c), the 
storm intensifies. The next stage 
is represented by part (a) at 
right. 
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The explanation for central Asia holds for central North 
America. There is one exception: The western edge of the area 
of limited rainfall in North America is close to the source of 
moisture, the Pacific Ocean. Then why not more rainfall? The 
reason is that the Sierra Nevada, the Cascades, and other 
ranges along the western edge of the continent form a barrier 
to the eastward flow. The moist wind from the Pacific is pushed 
up by the mountains. The lifting causes the air to cool rapidly, 
and as a result a great deal of rain condenses out and falls on 
the windward (west) side of the mountains. Annual precipita- 
tion there can be 150 to 250 centimeters or more. On the down- 
wind (east) side of the mountains, the descending air is com- 
pressed and warmed. This air is already dry, having given up 
its moisture on the windward side. The warming further de- 
creases the possibility of rain, since warm air can hold more 
moisture. Thus the precipitation on the downwind side is 
limited to about 10 to 13 centimeters. 

Across the Arctic edges of North America and Eurasia 
stretches another broad band of limited rainfall. The Arctic 
Ocean is very near. However, it is not a good source of mois- 
ture. The cold Arctic air cannot hold much moisture. There- 
fore the Arctic edge doesn’t receive any more rain than the 
Sahara Desert. 


Middle-latitude cyclone. So far we have discussed two 
causes of rainfall. Rain falls on the windward side of moun- 
tains when moist air is lifted by the mountains—for example, 
on the western edge of North America. At the equatorial re- 
gions, rain falls for a different reason: moist air there rises 
because it is heated. There are many other causes of rainfall, 
but we will discuss only one more—the middle-latitude cy- 
clone, the weather-maker in the latitudes where most of us 
live (Figure 13.12 A and B). 

In the middle latitudes there are some striking contrasts 
in air masses. For example, air originating over the bleak cold 
plains of central Canada and Alaska is cold and dry, and air 
originating over the waters of the Caribbean is hot and moist. 
When the cold dry Canadian air mass meets a warm moist 
Caribbean air mass invading from the south, a frontal sur- 
face develops between them. The situation is similar to that 
shown in Figure 13.10. At first it may be a stand-off. The front 
separating the two air masses may not move noticeably. It is 
a stationary front. But sooner or later, a wavelike disturbance 
develops along the stationary front. At this moment the 
middle-latitude cyclone is born (Figure 13.12A). 





COLD AIR 














Figure 13.12B In part (a) the 
storm reaches a peak. Because 
the cold front moves faster than 
the warm front, it catches the 
warm front and lifts it up, pro- 
ducing an occluded front, as 
shown in part (b). Eventually all 
the warm air is lifted up and the 
storm dies, as shown in part (c). 
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The first sign of the coming storm is decreasing atmo- 
spheric pressure (a “falling barometer’), a few clouds, and the 
development of a counterclockwise flow of air around the low- 
pressure center. Where the cold air pushes beneath the warm 
air and lifts it abruptly, a cold front is formed. In another 
sector of the storm, the warm air advances over the cold air, 
forming a warm front. The counterclockwise circulation in- 
tensifies, and clouds and precipitation reach a maximum de- 
velopment. The storm is now at its peak. At this stage the 
storm may measure 1500 kilometers in diameter and reach up 
to 10 to 13 kilometers. These storms move about 30 to 50 ki- 
lometers per hour in a west-to-east direction as great whirl- 
pools in the gigantic river of the westerlies. In time the storm 
weakens, the aggressive cold front overtakes the warm front 
and pushes it up. This is called the occluded stage (middle 
drawing in Figure 13.12B). Finally the warm front is com- 
pletely overtaken and all the warm air is lifted up. The cy- 
clone dies. It normally takes three to five days to complete the 
cycle. So ends the history of a middle-latitude cyclone, our 
weather maker. It is responsbile for the precipitation of the 
middle latitudes that you see on your rainfall map. 

Cyclones are related to a very fast, narrow stream of air 
called the jet stream (Figure 13.13). We don’t fully under- 
stand the relationship yet, but we know it’s a close one. Jet 
streams flow along a winding path in a generally west-to-east 
direction at altitudes of 10 to 12 kilometers. The center of a 
jet stream may reach speeds of about 450 kilometers per hour. 
Under certain conditions the jet stream develops loops, reach- 
ing as far south as 20° and as far north as 45°. Eventually the 
loops separate from the main flow. They become warm highs 
and cold lows at a high altitude. 

The looping jet stream is very important in distributing 
heat in the atmosphere. The excessive heat of the tropics is 
transported to the polar regions by means of the jet stream. 
The jet stream also moves cold polar air to the tropics. What 
would Earth’s climate be like if the jet stream did not exist? 
Certainly the tropics would be even hotter and the polar re- 
gions would be even colder. 


lrieelx \OwlR IF ACTS 
1. Why are many deserts located at the same latitude? 


2. Why do the areas defined by the 50-cm isohyet extend out 
over the oceans? 








Figure 13.13 The normal jet 
stream (top) sometimes develops 
loops (middle), which eventually 
become high and low centers. 
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APPLYING WHAT YOU HAVE LEARNED 


1. Look at Figure 13.1. On the left are shown four very dif- 
ferent environments. A shows the environment of the Arctic 
and the edge of the Arctic. It is very cold and windy in winter, 
mild in summer. B shows a middle-latitude dryland in the 
interior of a continent. In winter it is continuously cold. In 
summer it is hot during the day and cold at night. C shows a 
desert. There is no seasonal variation in temperature—always 
hot days and cold nights. D shows a lush forest typical of the 
warm, rainy tropics. On the right of Figure 13.1 are shown the 
kinds of shelter built by the nonindustrial people who live in 
these environments. 

Why are there such different shelters for the different 
environments? Where do the people get the materials to build 
these shelters with? What are the advantages of these shelters? 
What are the disadvantages? Would you be happy living in 
them? 


2. Compare these shelters with the houses or apartment 
buildings we live in. How do we keep warm in winter and cool 
in summer? Where do we get the materials to build our dwell- 
ings with? Suppose that in a skyscraper that is covered largely 
with glass and has no windows that can be opened, the air- 
conditioning system or the heating system broke down. Would 
it be comfortable inside? 

Who pollutes the planet more—industrial people or non- 
industrial people? 
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Figure 14.1 The rocks of the 283 
Colorado Plateau are basically 

flat-lying, aS can be seen in the 

Grand Canyon. 


chapter 14 
The Surface on Which 
We Live 


As recently as thirty or forty years ago, the average American 
was raised, educated, and buried not very far from where he, 
and his parents before him, were born. If a man was born in a 
small town in central Iowa, for example, it is quite likely that 
his travel consisted of short trips to surrounding communities 
or to a nearby city (Des Moines or possibly even Chicago). 
To such a person, surface features such as mountains or 
plateaus (broad, high, flat areas) could be only things that he 
read about in books. 

Today, however, with so many highways, cars, and air- 
planes, more and more people—young and old alike—are 
traveling to different parts of the country and the world and 
are seeing, for the first time, parts of Earth’s surface that are 
totally different from the part on which they live. 
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THE AMERICAN LANDSCAPE 


On an automobile trip from our location in central Iowa to 
western Colorado, a distance of approximately 1600 kilo- 
meters, a person would see many different landscapes. From 
central Iowa to the Missouri River, which is the western border 
of the state of Iowa, he would travel through slightly hilly 
country not very different from the country around his own 
town. The topography (shape of the land) would be much the 
same, corn would still be the most common crop, and the trees 
and other types of vegetation would make him feel at home. 

From the Missouri River westward, however, he would 
begin to feel less at home. The surface he would see is flatter, 
and there are fewer trees growing on it. Our traveler would 
also notice that there are not nearly as many farm animals to 
be seen. He might wonder about this. Why, he might ask, are 
there fewer trees and why are the farms and villages so far 
apart? And why is the land so flat in western Nebraska? 

After traveling hundreds of kilometers over what might 
have seemed like monotonous plains, our traveler would see 
a blue haze rising in the distance. As he got closer he would 
see that the haze is actually a series of deep canyons and 
mountain peaks. This is a third type of topography! Our make- 
believe traveler has not even reached western Colorado yet, 
and already he has traveled through three large areas that 
differ from one another in very noticeable ways. If we were to 
extend our traveler’s trip, how many other types of landscape 
would he see? Why is the landscape of one region so different 
from that of another? Were they formed by the same pro- 
cesses? To answer these and other questions that have to do 
with the shape of Earth’s surface, we need to start by looking 
at a big section of the land surface, if not the entire surface. 
Since we are most familiar with the United States, we will 
concentrate our efforts on that part of Earth. For a starter, 
let’s look at some photographs taken from space and from 
them put together a picture of the surface. 

Figure 14.2, taken from an Apollo spacecraft in orbit 
around Earth, shows the shape of part of the North American 
continent. If you study photographs from space such as this, 
as well as photographs taken from high-flying aircraft, you 
would see that at least three kinds of landscapes can be 
identified even from great altitudes. One type of landscape 
appears on the photographs as long, relatively narrow ridges. 
What: word do we use to describe such areas? Do these areas 





have any particular orientation? The general location of the 
major mountain areas of the United States is shown on Fig- 
ure 14.3A. 

Another major type of landscape consists of very ex- 
tensive, more or less flat areas. One of these areas extends 
along the Atlantic and Gulf coasts, another in a north-south 
direction across the middle part of the continent. If you live 
in either of these areas, but especially the one that extends 
from Canada in the north to Texas in the south, you know that 
these areas are called plains. The major plains areas of the 
United States are shown in Figure 14.3B. 

The third type of surface area that can be quite easily 
identified from photographs or by direct observation from high 
flying airplanes is somewhat smaller in area than the first 
two types discussed. Like the plains area, this type of area 
appears from high altitudes to be relatively flat and to have 
fairly sharp boundaries. Two of these areas, which are called 
plateaus, are in the western part of the United States, and 
one is in the eastern part. The location of plateaus in the 
United States is shown in Figure 14.3C. 


Figure 14.2 Part of the North 
American continent can be seen 
in this photograph taken from 
space. The long strip of land at 
the center left is Baja California, 
Mexico. The small dark patch 
near the upper left corner is the 
Salton Sea, California. This area 
is shown in greater detail in the 
photograph opposite the title 
page of this book, a photograph 
also taken from space. 
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If we combine the information given in Figures 14.3A, 
B, and C, we would get the map shown in Figure 14.4. You 
will notice in looking at Figure 14.4 that although a large 
part of the surface area of the United States can be subdivided 
into mountains, plains, and plateaus, there are also fairly 
large areas that do not fall into any of these categories. 

If you examine in more detail the areas that make up the 
blank spaces on Figure 14.3, you will find that they have some 
of the characteristics of one or more of the three major types 
of landscapes, and in addition have some characteristics that 
are pretty much their own. Thus, they can also be identified 
as distinct areas. More detailed examination of each of the 
areas classified as mountain, plain, or plateau areas would 
show that each of these areas also has features that set it 
apart from other similar areas. The Appalachian Mountains, 
for example, are a series of long ridges and valleys, whereas 
the Sierra Nevada is a very large block of Earth’s crust that 
has been tilted upward along a great fault at its eastern edge. 
In addition to the shape of the surface, features such as the 
structure and age of the rocks in an area are also important 
in drawing the boundaries of areas of different types of topog- 
raphy. 












Figure 14.3 The mountain areas 
(A), plains (B), and plateaus (C) 
of the United States. 


Me 


GHECK YOU RFEACTS 


1. What are three major kinds of landscapes in the United 
States? 


2. Where are the major mountain areas of the United States? 
3. Where are the plateaus of the United States? 


4. How do the Appalachian Mountains differ from the Sierra 
Nevada? 


WHY DO LANDSCAPES DIFFER? 


We have seen in our very incomplete examination of the sur- 
face of the United States that landscapes do vary. Closer ex- 
amination would show that they vary considerably. But why? 
Why do they vary? 


Does climate affect landscape? We have noted 
that at three different locations in the United States, well- 
developed plateaus occur. To obtain an answer to the question, 
“Does climate affect landscape?”, we might compare two of 
these plateaus, the Appalachian Plateau in the east and the 
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Figure 14.4 If we combine the 
three previous maps, we obtain 
this map showing the main fea- 
tures of the United States. 
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Colorado Plateau in the southwest. Let us look first at the 
Appalachian Plateau. The rocks in this area are sandstones, 
limestones, and shales; and they occur in nearly flat layers. 
As we look more closely at the landscape of the Appalachian 
Plateau, we see that it is not a continuous, more or less smooth 
surface. Rather, it is an area that has been cut up by numerous 
streams forming a certain kind of drainage pattern. In Figure 
14.5 the more or less flat top of the plateau can be seen, but 
even more noticeable is the deep valley that has been cut into 
the plateau. Another noticeable feature of this landscape is the 
abundance of vegetation. Does this also suggest that the soil 
cover in the area is fairly thick? And what does it suggest 
about the climate of this region? 

Let us look next at the Colorado Plateau. In this plateau, 
as in the Appalachian Plateau, the rocks are basically flat- 
lying. This characteristic of the rocks can be clearly seen in 
Figure 14.1. As far as the structure of the rocks is concerned, 





Figure 14.5 The more or less level surface of the Appalachian Moun- 
tains can be seen in the distance. 


therefore, there are few differences. But what about the kinds 
of materials present at and near the surface in this area? 
Upon closer examination we find that the sedimentary rocks 
exposed along the valley (canyon) walls are also sandstone, 
shale, and limestone. Basically no difference. But surely there 
are some differences. The following activity is designed to 
shed some light on the problem. 
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activity 14.1 Examining the Colorado 
Plateau 


Examine Figure 14.1. There is one very striking difference 
between the area shown there (the Colorado Plateau) and the 
Appalachian Plateau. What is it? What factor is responsible for 
this striking difference? Examine Figure 14.6, which shows 
part of a topographic map of the Colorado Plateau. Are there 
as many streams in this area as there are in the Appalachian 
Plateau? Does your observation support your conclusion about 
the cause for the striking difference? How do you think the 
amount of precipitation received in the Colorado Plateau com- 
pares with that received in the Appalachian Plateau? 
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Figure 14.6 Part of a map of the 
Colorado Plateau. 


Figure 14.7 A typical landscape 
in central lowa. 
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We have seen that flat-lying sandstones, limestones, and 
shales underlie both the Appalachian and Colorado Plateaus. 
We also know that both areas are high compared to surround- 
ing areas. Has climate been an important factor in shaping 
the landscape of these two areas? 

If climate is the answer, or at least part of the answer, 
are there other factors involved? Is the type of leveling process 
that is most active in an area an important factor? Or is it the 
materials (soils, rocks, vegetation) at and near the surface 
that are most important? Or are there other factors that con- 
trol or affect the formation of the landscape in an area? 


Rock structure—what influence on landscape? 
In our discussion of the role climate plays in shaping the 
landscape, we found it helpful to compare two regions. If the 
approach worked for climate, perhaps it will serve to illustrate 
the role rock structure plays in shaping the land. Let’s see if 
it will. 

In order to get as much contrast as possible, it would be 
good to select areas in which the climate is not very different 
but the rock structures are strikingly different. Can we find 
two such areas? The answer is yes, and without too much 
effort. For area 1 we will use an area in central Iowa. For area 
2 we will use an area in the Appalachian Mountains of Penn- 
sylvania. In area 1 the earth materials at and near the sur- 
face consist of a relatively thin covering of soil resting on 
flat-lying sandstones, limestones, and shales. Figure 14.7 
shows a typical landscape in central Iowa. In area 2 the soil 
cover is also quite thin; but in contrast to the area in Iowa, 
the sedimentary rocks beneath the soil are sharply folded. 
Figure 14.8 illustrates well the valleys and ridges of the Ap- 
palachian Mountains. Although it is not possible to tell from 
the photograph what the underlying structure is, detailed 





Figure 14.8 Typical Appalachian 
valleys and ridges can be seen in 
this view of Trevorton, Pennsyl- 
vania. The ridges shown here are 
formed by resistant rock layers 
that are part of a syncline (large 
downfold). 
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examination of the rocks would show that resistant sandstone 
beds form each of the ridges, and underlying each of the valleys 
are less resistant shales and limestones. 

Examination of Figures 14.7 and 14.8 tells us that there 
are marked differences in the shape of the land in these two 
areas with similar climatic conditions. To what can we credit 
these differences? The answer seems quite clear—it is due, in 
part, at least, to the structure of the rocks. 





activity 14.2. Comparing Iowa with the 
Appalachian Mountains 


Figures 14.9 and 14.10 show sections of topographic maps of 
the areas we have been discussing. Observe the stream pattern 
in the two areas. How do they differ? Make a sketch of each 
pattern. What is the determining factor in the formation of 
the stream pattern in each area? 





The role of time in landscape development. The 
Colorado River is a swirling, muddy stream. Its high energy 
and its load of rock debris are the power and the tool with 
which it is eroding the bottom of its valley. Even as we watch 
it, the valley is slowly changing. It is being deepened, and 





Figure 14.9 The stream pattern 
developed along the Des Moines 
River is the most common type 
of stream pattern. 





in many places its sides are being worn back by weathering 
and the effect of gravity and sheetwash. Nearly everywhere 
along the river’s course, elevations are decreasing. Because 
the energy of the stream is decreasing, we can predict the 
future of the valley and the region the river flows through. 

As the valleys of a main stream and its many tributaries 
change in size and shape, the landscape as a whole must 
change. It is obvious that as time goes on, the amount of 
material that has been removed from an elevated region will 
be greater. We can measure the amount of sediment that the 
Colorado River carries past a point in the Grand Canyon 
during a certain interval of time. The rate turns out to be 
about 10,000 tons per hour. Then we calculate how much the 
area drained by the river and its tributaries is now being 
lowered by erosion. The answer is: a very few centimeters in 
a thousand years. In the Appalachian Plateau the rate is 
probably ten times as great. Can you explain how erosion can 
be more rapid in a region where the bedrock is covered with 
a blanket of soil? 

We can predict the future of the Colorado and Appalachian 
Plateaus, but we will never know whether we are right. 
Millions of years must pass before leveling processes will 
have changed the landscapes to greatly different ones. 


“Blue Rigge 
A, Country Clot papper’ 
Cee 


Figure 14.10 The stream pat- 
tern shown here is characteristic 
of parts of the Appalachian Moun- 
tains. It is not a common type of 
stream pattern. 
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Can physical processes alone shape the land? 
We have seen the effect of rock structure, of climate, and of 
time on landscape development. Are there places where the 
effect created in the landscape by a physical process is more 
striking than the effect of rock structure? 

A process that can change the landscape in a very dra- 
matic way is volcanism. By burying landforms under lava and 
ashes, it creates striking new landforms. The power of lava to 
change a landscape can be seen in southeastern Washington, 
where lava flow after lava flow poured out, burying hills and 
even mountains to create the high, broad Columbia Plateau 
(Figure 6.14). The sort of landscape the lava covered can be 
seen all around the plateau. Here the landscape and the 
structure certainly had no effect on the process of volcanism. 
The new landscape was the result of a physical process alone. 
But as soon as lava stops flowing, weathering and erosion 
begin to attack the new landforms. The Columbia Plateau is 
being eroded in the same way as the Colorado Plateau is. 

Volcanoes are very vulnerable to attack by erosional 
processes. Streams cut valleys into the sides of the volcanic 
cones. If the volcano has been built up high enough, glaciers 
may form and begin to gnaw at it. Volcanic landforms, like 
others we have investigated, eventually disappear. 

Wind action is a process that can also produce distinctive 
landscapes, mainly by depositing sediments that conceal the 
underlying structures. Wind does not normally have nearly as 
much energy as running water, and requires special conditions 
to be a really effective gradational agent. Wind depends on 
other surface processes, such as weathering and the work of 
streams, waves, and glaciers, to provide material that it can 
move. However, when there is a supply of fine, dry sediment 
available, wind can blow sand into dunes in much the same 
way that it makes snowdrifts. Where would you expect to 
find large areas of dunes? Where have you seen dunes? Can 
you explain why they are there? 

Besides removing sand from loose deposits and piling it 
up nearby, wind carries finer materials far away. It takes 
fine soil particles from the drier parts of the Central Plains 
and carries them as far away as the Atlantic Coast or over the 
ocean. In this way, wind is lowering the land. 


Movements of the crust alter the surface. In 
August 1959, the Yellowstone Park region was shaken by an 
earthquake. The quake shook loose an estimated 80 million 
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tons of rock and soil. This material swept down a steep moun- 
tainside, destroying everything in its path and damming the 
Madison River. Examination of the surrounding area revealed 
that the earthquake had been caused by movement along the 
Hebgen Fault northwest of Yellowstone Park. The land on one 
side of the fault moved upward relative to that on the other 
side, thereby forming a cliff several meters high. This cliff 
will disappear in a relatively short time, geologically speak- 
ing, unless there is additional movement along it. Is there 
any evidence to indicate that movement such as that which 
occurred along the fault near Yellowstone Park is repeated 
over and over again? The answer is yes. The evidence is to be 
found in the east face of the Sierra Nevada in California 
(Figure 14.11). The east face of this impressive mountain 
range is a tall, steep face resulting from repeated movement 
along a fault over a long period of time. Movement of the crust 
has certainly altered the landscape in California, and there is 
no-reason why it could not further alter the landscape in the 
Yellowstone Park area. 


Figure 14.11 The Sierra Ne- 
Nevada, one of the most impres- 
sive mountain ranges in North 
America, is the result of changes 
that have occurred in the fairly 
recent geologic past. 
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What makes landscapes? You have learned that 
landscapes are the result of numerous factors (climate, rock 
structure, processes, earth movements, and time). With as 
many factors as are involved, it can be assumed that there 
can be as many different types of landscapes and landscape 
features as there are combinations of these factors. 

Because the Earth is a dynamic planet and change is 
constantly taking place, it is reasonable to assume that land- 
scapes once formed are not permanent features of Earth’s 
surface. Geologists believe that large parts of the Rocky Moun- 
tain area were plains areas in fairly recent geologic time. Is 
it reasonable to expect that they might become plains areas 
again? 


Time is a sort of river of passing events, 
And strong is its current; 
No sooner is a thing brought to sight 
Than it is swept by and another takes its place, 
And it too will be swept away. 
Marcus Aurelius Antoninus (A.D. 121-180) 


CHECK YOUR FACTS 


1. What are some differences between the Appalachian 
Plateau and the Colorado Plateau? 


2. What are some differences between Iowa and the Ap- 
palachian Mountains? 


3. At what rate is the area drained by the Colorado River 
and its tributaries being lowered? 


4. What is a common feature of land that was once covered 
by glaciers? 


APPLYING WHAT YOU HAVE LEARNED 


1. Some important differences between the three major kinds 
of landscapes in the United States—mountains, plains, and 
plateaus—are size of area and topography. But there are other 
differences also. What are the other differences? 


2. What things determine the type of landscape that is 
present in an area? 


3. Once formed, do landscapes remain the same? Explain. 
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4. Explain the role that a physical process such as glaciation 
might play in shaping the land. 


5. Have any large scale landscape changes taken place in 
recent years in the area in which you live? If not, have there 
been smaller scale changes that you and/or others have ob- 
served? Might these smaller changes some day bring about 
major changes? 


KEYawOoORDS 


mountain area (p. 285) 
plain (p. 285) 
plateau (p. 285) 





Figure 15.1 This reflector fo- 299 
cuses sunlight to a point located 

in the white structure seen in the 

center. At the focal point, the 

temperature is high enough to 

melt steel. 


chapter 15 


The Future 
of Our Natural 
Resources 


Mankind seems to have thought, without much thinking, that 
Earth’s mineral and fuel resources will last forever. Today 
we know better. They are going too fast, and most are non- 
renewable. “Nonrenewable” means that nature took such a 
long time to create them that if we use them up, they will be 
gone forever as far as man is concerned. 

There are two problems. One is that we are using our re- 
sources too fast, and the other is that there are more and more 
people to use them. 
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POPULATION 


The population of our world is now over 3.5 billion. At the 
present rate of increase, the population will double in 35 years 
(Figure 15.2). A hundred years ago it took about twice as long 
to double the world population, and that population was only 
about half as large! The mathematicians call this kind of dou- 
bling a “geometrical progression.” An example of such a pro- 


gression would be if you put a grain of rice on one square ofa = 23 
checkerboard (with a total of 64 squares), 2 grainsonthe next —,,| 
square, 4 grains on the third square, and so on. You are dou- 

bling each time. How many grains would you have on square 21+ 
64? This would make a fine activity for you and your class, 201 
but some of the other students would object when the school 

disappeared under a rice pile. That 64th square would take (ti9} 
several hundred times this year’s world rice crop! G4 9 pie 184 


A population does not increase as dramatically as this be- 
cause there are natural controls on all living things to prevent 
such growth. For example, foxes could cover Earth; but they 
would run out of rabbits, mice, and whatever else they eat 
long before the increase became very large. But man controls 
nature more than other animals do. Still, he can push Mother 
Nature only so far and then she will strike back. 

Even if our present population doubling rate just stayed 
the same, 1000 years from now there would be about 2000 
people for each square meter of Earth’s surface—land and 
sea! Either we will limit our population or, eventually, nature 
will do it. And nature may not be very pleasant about it. 

How much of our increasing use of minerals and fuels in 
the United States is due only to more people being around? 
Probably about 40 percent. What about that other 60 percent 
of the increase? 


HOW DO WE USE OUR NATURAL 
RESOURCES? 


Metals. Our natural resources are mainly used for two 
things: material (cars, cans, etc.) and energy (gasoline, elec- 
tricity, etc.). Since 1940, we have used more metal than was 
ever used in the whole history of Earth before that. Most of 
the best deposits of many metals have probably already been 
found. Many are in danger of being used up completely! We 


Figure 15.2 This chart repre- 
sents what would happen if there 
were no controls at all on popu- 
lation growth. 


POPULATION IN BILLIONS 
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can’t wait for more, since the formation of most ore bodies 
involves processes that take millions of years. Some experts 
predict we will be all out of tin, tungsten, and mercury by 
2000. You won’t be very old in 2000, and we would like to 
leave you some. 

Can we mine regular rock and get metals? Sure. In every 
100 tons of the average igneous rock there are 8 tons of alumi- 
num, 5 tons of iron, and small quantities of other elements. 
Can’t we just depend upon science and engineering to figure 
out a way to get these metals out of the rock and make them 
available? We can probably figure out a way, but it will cost 
much, much more than present mining. And where will we 
get the energy to mine such large amounts? 

Metals such as copper give a different picture. The larg- 
est mines in the United States are now taking out ore with 
less than one ton of copper for each 100 tons of rock. When 
these low-grade ores are gone, whether in 50 years or 500, we 
will have to be as careful with copper as we are now with gold. 
One suggestion is that every bit of equipment containing such 
metals as copper, tungsten, lead, and tin be rented instead of 
bought. That way we could be sure we get it back for recycling 


i : Z Figure 15.3 Strip mining often 
instead of allowing it to be thrown away. 2 % a 


leaves stagnant pools of water 
and other ugly scars on the land. 
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Collecting scrap metal and recycling is only a partial an- 
swer. If we someday have to depend on scrap metal and com- 
mon rocks for our metals, the United States would probably 
be able to have as much metal in use by individuals as we had 
a hundred years ago. This won’t be enough. But at least re- 
cycling would help clean up our country. 

In the past, mining and the processing of ore have com- 
monly been done without concern for the environment. The 
mine dumps of waste material have left ugly scars across the 
countryside. Open mine pits are ugly holes. Now some com- 
panies are planting trees on the dumps and landscaping them. 
The open pits can be made into recreational lakes and some 
can be filled with rock that has to be moved to get at the ore. 
However, many open pits are still being left just as they are 
(Figure 15.3). Gases from plants where ore is processed have 
killed vegetation in many places, but this need not happen 
today. We now have the technology to clean up the gases, al- 
though it is certainly not being done everywhere. Like any- 
thing else, the trouble is that it costs money. 


Fossil fuels. Energy may be more of a problem in the near 
future. Already we have power failures in areas of large popu- 
lation concentration. Most energy in our country comes from 
the use of fossil fuels. We call them “fossil” fuels because we 
believe that gas and oil (petroleum) originate from microscopic 
plants and animals buried among the grains of sediment in 
the seas, and we know that coal (Figure 15.4) comes from 
plants. Since petroleum is used for about 75 percent of the 
total energy produced in our country and 99 percent of the 
transportation, let’s take a closer look at how long we can 
keep on using it as we now do. 

In 1940 we used about 4 million barrels of oil every day 
in the United States. By 1970 this had increased to 14 million 
barrels a day. We have had a fairly regular 7 percent increase 
in use every year. Our total use in 1970 was over 5 billion 
barrels. Of these, 4 billion were produced in the United States. 
The whole world in 1970 used 15 billion barrels. Thus, the 
United States, with about 6 percent of the world’s people, 
uses over 30 percent of its petroleum. We won't be able to go 
on like this. Not only will other countries use a bigger per- 
centage, but there isn’t enough petroleum. In fact, many coun- 
tries will never be large consumers of petroleum because by 
the time they might reach that level of industry, there won't 
be enough left for them. 


Figure 15.4 The dark area at 
the bottom is a coal bed. 
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Some careful estimates have been made of how many 
barrels of oil still remain in the ground. Most of this oil, like 
that part you use in a car as gas, is many tens of millions, 
often hundreds of millions, of years old. A general estimate 
is that there are about 4100 billion barrels left. Most of this 
is oil we don’t even know about yet—we just believe it’s prob- 
ably there. In the United States we probably can’t count on 
more than 200 billion barrels being left in the rocks. For us, 
that means that at our present rate of use, the oil in the United 
States will be gone in about 50 years. But we keep using 7 
percent more every year and if we continue, it could be gone 
in closer to 20 years. 

The entire world could be out of oil by the year 2015. 
That’s not much time. Somebody had better start doing some- 
thing soon. It’s like getting smart; the longer you wait, the 
harder it is. 

There are no easy ways to slow down a civilization or its 
birthrate. But there are places to start. Since one half of the 
petroleum used in the United States goes for automobile trans- 
portion, think what would happen if all cars were half as large 
and burned half as much gas. Less steel, less copper, less oil, 
less pollution. What if estimates of 011 and gas are too low, and 
we really had enough to last 200 years? Big deal. There’s too 
much future time for mankind. We have to be concerned, even 
though our present overuse may not greatly affect you or me. 
We shouldn’t even be burning oil and gas. They are more valu- 
able for their chemicals than for their heat energy. People 
a few hundred years from now may shake their heads in aston- 
ishment, anger, and disbelief—“They actually used to burn 
gas and oil!” The worst thing about the situation is that no 
worldwide body exists to even begin planning for the future. 

But we must have energy. We have to heat our homes, 
light our nights, and travel efficiently, unless we are content 
to burn wood and live more primitively. Living more primi- 
tively is attractive to some individuals, but it’s never attrac- 
tive to nations and their governments. So what is the answer 
to our coming fuel problems? 


Other energy sources. Solar energy is an energy 
source large enough to fill some of our future needs (Figure 
15.1). The problem is it would require so much metal and other 
material to construct solar heat gatherers that the energy 
and material input may not justify what we could get out. 
Also, we would have to cover a great deal of the land surface 
with the solar gatherers and construct-electrical storage sta- 
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tions for energy use during the night. It doesn’t seem to be a 
practical way out for us. 

Water power to turn turbines and produce electricity pro- 
vides about 2 percent of the world’s energy. We could dam 
more rivers, but not enough. We would only drown more 
valleys for very little gain. The power of tides is used in a few 
places to provide energy, but tides won’t solve the energy 
problem either. 

Some people have suggested that we use Earth’s internal 
heat to make electricity. Steam from volcanic and hot spring 
areas is now being used at places in Italy, New Zealand, Mex- 
ico, Iceland, and Russia. In California, steam from hot springs 
is used to generate electricity. But there are very few areas 
in the world where enough heat is near enough to the surface 
to make its use practical. Perhaps we could drill deep wells 
and pump water down them. When the water turned to steam, 
expanded, and came to the surface, we could use the steam to 
run turbines and produce electricity. This may be practical for 
part of our future needs. 

What will we be using for energy in the middle of the 
21st century? The only answer that seems possible is nuclear 
(atomic) power. Right now electricity is being produced from 
atomic power plants. The process now used is nuclear fission, 
or the splitting of the nuclei of certain radioactive isotopes. 
One isotope that can be fissioned is uranium-235. The problem 
is that less than 1 percent of Earth’s uranium is uranium-235 
and over 99 percent is the isotope uranium-238. We can’t keep 
using the present process for our future energy because there 
isn’t enough uranium-235 to last more than a few tens of years. 

Scientists are now working hard to make a breeder re- 
actor in which the radioactive process produces nearly as 
much fuel as it consumes. The abundant uranium-238, as well 
as some other isotopes, can be converted to other radioactive 
isotopes that can be used in the fission process for energy. But 
uranium-235 is still required as a starter, and we are using 
it pretty fast. The big problem is to convert to the breeder re- 
actor before we completely use it up. The United States is 
trying very hard to have our first breeder reactor in use by 
1980. If we don’t make it by then or shortly after, we may be 
in trouble. One of the important problems with the present 
reactors is that they tend to pollute our planet. They have a 
lot of heat to do away with and, worse, radioactive material 
is sometimes dumped into the atmosphere or streams. All 
radioactive products are potentially dangerous to humans, 
so this waste must be dealt with carefully. But still, knowing 
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the future of fossil fuels, there isn’t any other practical world- 
wide thing to do except encourage research in nuclear power 
production. We must stop the pollution of nuclear power plants 
but we cannot stop nuclear power. 

One other nuclear process is being worked on. This is 
nuclear fusion, or the joining of nuclei of atoms to form other 
nuclei with the release of large amounts of energy. So far the 
reaction has been uncontrolled—it is the reaction used for 
the hydrogen bomb. Hydrogen isotopes are fused to produce 
helium and energy. If we can control this reaction, there is 
an amount of energy in the hydrogen of one cubic kilometer of 
sea water to equal that produced by all the oil the world ever 
had! And no radioactive waste is produced. Maybe we can 
control fusion one day, maybe not. 


GoeECK YOU REACTS 


1. Can we get metals from regular rock rather than from 
metal-rich ores? 


2. What percentage of the world’s petroleum is used by the 
United States? 


3. About what percentage of the petroleum used in the United 
States goes for automobile transportation? 


4. Do fission power plants pollute the environment? 


APPLYING WHAT YOU HAVE LEARNED 


1. Why are some fuels called “fossil fuels”? If oil is forming 
today in sediments, why can’t we just wait around until it’s 
ready to use and get it out? 


2. Well over 95 percent of the transportation in the United 
States (planes, cars, trains) depends upon petroleum. If we run 
out, how will we transport food, manufactured goods, and 
people around the United States? 


3. Why must we be careful about using up uranium-235 in our 
present atomic power plants? 


Mans WO 


nuclear fission (p. 304) 
breeder reactor (p. 304) 
nuclear fusion (p. 305) 








unit four 





Can you imagine what other civilizations have looked 
into a sea of night and asked the kinds of questions 
that we ask? What other civilizations have walked and 
worked on a moon hundreds of thousands of kilometers 
away, or thought of life and conditions on other 
worlds? What other beings have measured energies 
equal to that of a billion hydrogen bombs or distances 
of billions of light-years? Are there others like us, who 
study messages from pulsars, talk of giants and dwarfs, 
and determine the chemical composition of distant 
objects by merely analyzing the light they emit? Who 
else can think about a region of space, closed into itself, 
where gravitation is so strong that even light cannot 
escape from it? Who else can imagine a universe like 
this? 





Figure 16.1 No one knows yet 309 
how this riverlike feature on the 
Moon was formed. 


chapter 16 


The Moon— 
One Giant Leap 
For Mankind 


In the past, man looked upon the Moon with awe. Some 
people thought that it had special powers over them. Some 
thought of the Moon as a god and worshipped it just as they did 
other gods. 

It was not until the time of Galileo (1564-1642) that 
man first began to have a scientific approach to the study of 
our satellite. In the first telescopic studies of the Moon, Galileo 
drew pictures that showed that the Moon has similarities to 
Earth (Figure 16.2). We have made great progress since those 
early days! Space exploration in the last ten years has added 
greatly to our knowledge of Earth’s environment and of the 
entire solar system, including the Moon. Although we have 
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merely glimpsed the environment of space, at least we have 
expanded our horizons beyond the confines of Earth. 

The success of the Apollo missions in putting men on the 
Moon and the exploration of space by satellites are among the 
most spectacular achievements in the history of mankind. 
Man’s visit to the Moon has indeed been one “giant leap” for 
mankind. 


THE MOON’S MOTIONS 


The Moon, like the Sun and other stars, is always changing 
its position in the sky. From Earth, all the heavenly bodies 
seem to move around us once a day. We seem to be located at 
the center of a gigantic hollow sphere that rotates around us 
once a day. The stars appear to be glued to the inside of this 
sphere. You know of course that this is not the true picture. 
The skies do not rotate around us once a day. Instead, Earth 
rotates on its axis once a day. Earth spins like a top, carrying 


Figure 16.3. These photographs show, from left to right, the shape 
of the Moon 3, 5, 11, and 14 days after it reappears. It then grows dark 
again, with the dark spreading in from the right, so that the crescent 
points in the opposite direction. 








Figure 16.2 This sketch of the 
Moon was made in 1610 by Gal- 
ileo, the first man to study the 
Moon through a telescope. 
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us with it. This spinning is what causes the heavenly bodies 
to appear to move around us. 

But the Moon has another special motion of its own. It 
seems to crawl from west to east against the background of the 
stars. (It is not fixed to the giganf ere.) It returns to the 
same position in the stars ever days, and, as it moves 
against the stars, it appears to‘ehange shape. In about two 
weeks, it changes from a round disk to a half-disk to a crescent. 
It becomes such a thin crescent that it almost disappears. 
Within a day or two, it reappears as a crescent, and after an- 


other two weeks, it has regained its round shape (Figure 16.3). 

The Sun, too, changes its position against the stars. Many 
changes we see in the sky result from the complicated motions 
of the Moon and Earth. To understand the Moon’s behavior, 
the most important thing to know is that the Moon moves in a 
roughly circular orbit around Earth. We say “roughly circular” 
because the Moon’s orbit is not a circle but an ellipse, which 
is like a flattened circle. Some ellipses are very flattened and 
long. Some ellipses are not very flattened—that is, they are 






almost circular (Figure 16.4). 


Gravitation. What keeps the Moon in orbit around Earth? 
You probably already know the answer: the gravitational 


Figure 16.4 The two points in- 
side the ellipse are called the 
foci (singular: focus). When a 
body moves in an elliptical orbit 
around a much more massive 
body, the massive body is lo- 
cated at one focus. The circle 
is an ellipse whose foci are the 
same point. 








Figure 16.5 The gravitational force between Earth and the Moon pulls 
the Moon away from a straight-line path. 


force. Gravitational force acts between every pair of bodies 
in the universe, not just the Moon and Earth. The more massive 
the bodies are and the closer together they are, the stronger 
is the gravitational force pulling them toward each other. 
Without gravitational attraction to keep the Moon in orbit 
around Earth, the Moon would move off in a straight line and 
get farther and farther away from us (Figure 16.5). 

The Moon pulls on Earth just as hard as Earth pulls on 
the Moon, as shown in Figure 16.6. However, because the Moon 
is much less massive, it is moved by Earth much more than 
Earth is moved by it. The situation is much like a very heavy 
man and askinny boy balancing on a seesaw (Figure 16.7). The 
balance point is much nearer the heavy man. In the case of 
Earth and the Moon, the balance point actually lies inside 
Earth. The point is called the center of mass of Earth and the 
Moon (it is labeled B in Figure 16.12). Both Earth and the 
Moon revolve around this point, just like the way the man and 
the boy swing around the seesaw’s pivot point. This motion of 
Earth and the Moon has an important effect in producing the 
tides of the ocean, as we shall see later. 


The Moon’s phases. The way the Moon appears to 
change shape is one of the most fascinating things about it, 
and one of the easiest to understand. First, we must remember 
that the Moon does not shine by its own light, as does the Sun. 
The Moon can only reflect the light of the Sun; we can see only 
that part of the Moon’s surface on which sunlight is falling. 
The relation between Earth, Moon, and Sun is constantly 


Figure 16.6 The gravitational 
force between two bodies is 
mutual. That is, the two bodies 
pull on each other with exactly 
the same force. 


MOON 


EARTH 








Figure 16.7. The balance point between a fat man and a skinny boy 
is closer to the man than to the boy. 


changing as the Moon moves in its orbit. In Figure 16.8, we 
show only Earth and the Moon. The Sun is much farther away, 
but the arrows show the direction its light comes from. When 
the Moon is very nearly between Earth and the Sun at position 
1, the bright half of the Moon is turned completely away from 
Earth, and so the Moon is almost invisible. When the Moon 


Figure 16.8 From position 1, the Moon grows fuller and fuller until 
it reaches position 3, as shown in Figure 16.3. 
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has moved one quarter of the way around in its orbit (position 
2), half of the illuminated side is visible from Earth. This 
position is called quarter moon, because the Moon has tra- 
veled a quarter of its orbit. At quarter moon, the line joining 
Earth and the Moon is perpendicular (at right angles) to the 
Sun’s rays, which is also the direction of the line joining Earth 
and the Sun. At position 3, the Moon has completed half of its 
trip around Earth. Now all of the bright side of the Moon faces 
Earth, and we have the full moon. The process then reverses 
itself. Less and less of the bright side is visible, and at position 
4, the Moon is only a quarter moon again. Finally the Moon 
returns to position 1, and is almost invisible. In this position 
it is called new moon. The various different positions (and 
appearances) of the Moon are called its phases. 


Eclipses. You may wonder why the Moon receives any 
light from the Sun at position 3 in Figure 16.8. Wouldn’t Earth 
block the Sun’s light? Often this happens, and then we have an 


Figure 16.9 When the Moon comes between the Sun and Earth (top drawing), the Moon’s shadow sweeps 
across Earth, producing a solar eclipse. From the central, dark part of the shadow, no part of the Sun can 
be seen. The lower drawing shows a lunar eclipse. ECLIPSE PATH 


ON EARTH’ 
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eclipse of the Moon, or lunar eclipse, as shown in Figure 16.9. 
~ However, the Moon’s orbit is tilted (Figure 16.10), so that 
usually the Moon passes slightly above or below Earth’s shadow. 

Just as Earth can block the Sun’s light from reaching the 
Moon, the Moon can block the light from reaching Earth. This 
can happen when the Moon is new, at position 1 in Figure 16.8. 
It is called an eclipse of the Sun, or solar eclipse. For a solar 
eclipse to happen, the Moon must lie on the line joining Earth 
and the Sun. Again, because of the tilt of its orbit, the Moon 
usually misses this line, and solar eclipses are rare but wonder- 
ful sights. 





activity 16.1 Positions of the Sun, Earth, 
and the Moon 


Here we will see how the phases of the Moon are determined by 
the positions of the Sun, Earth, and the Moon. We will also 
obtain a better understanding of the true motions of Earth, the 
Moon, and the Sun. Figure 16.11 shows the path of the Moon 
around Earth over a period of about a month. The positions of 
the Sun are also shown during this period. The positions shown 
are the positions of the Sun and the Moon in the sky as seen 
from Earth, not their true positions in space. The Sun is really 
much farther away than the Moon. Furthermore, it’s Earth that 
moves around the Sun, not the other way around. Remember 
that the diagram shows only what we see looking from Earth. 
Both the Sun and the Moon appear to move counterclockwise. 
The apparent solar motion is about 30° or + of a revolution, 
per month. Do you see any special meaning to the fraction i? 

Lay a straightedge across the diagram from the Moon’s 
position on May 3 to the Sun’s position on the same date. What 
is the phase of the Moon on this date? Remember that at quarter 
moon, the line joining Earth and the Sun must be at right angles 
to the line joining Earth and the Moon. When, approximately, 
will this occur? When will the next full moon occur? We have 
said that the Moon moves nearly in a circle around Earth. Test 
this by trying to draw a circle centered at Earth that passes 
through all the positions of the Moon. What do you conclude 
about the actual distance from Earth to the Moon? 

Where in the Moon’s orbit does it travel fastest? Can you 
guess the reason for this? 
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Figure 16.10 The plane of the 
Moon's orbit around Earth does 
not lie on the plane of Earth’s 
orbit around the Sun. 
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The tides. If you have ever visited the seashore, you have 
surely noticed that the level of the sea seems to change from 
hour to hour. Twice a day, the sea rises to a high point, and 
between these times it sinks to a low. We see this effect by the 
watermarks on docks and the advance and falling back of the 
sea along the beach. At any given moment, there are two high 
tides and two low tides on Earth. The period between succes- 
sive high tides is roughly 12 hours, 25 minutes. The total 
amount of water in all the oceans of the world remains the 
same, but something makes it rearrange itself. As you probably 
know, the chief cause of the tides is the Moon. The gravitational 
pull of the Moon on the ocean makes the ocean rise towards 
the Moon, producing a bulge in the ocean that is almost directly 
under the Moon. 

Actually there are two bulges in the ocean, one on the 
side of Earth nearest the Moon and one on the side of Earth 
farthest from the Moon (Figure 16.12). The bulge on the far 
side is very puzzling. To understand it, we must remember that 
Earth makes many motions. One motion is the daily rotation 
about its axis, point C in Figure 16.13. But remember that 
Earth must also swing around point B once every month to 
balance the Moon. This motion causes the ocean on the side 
away from the Moon to bulge out, producing a high tide there. 

Another reason why there are two tidal bulges on opposite 
sides of Earth is that the Moon attracts the side near it more 


Figure 16.11 This diagram 
shows the positions of the Sun 
and the Moon as seen from Earth. 
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strongly than it attracts the side away from it. You can think 
of the situation like this: The side of Earth nearest the Moon 
(area N in Figure 16.13) is pulled most toward the Moon, Earth 
itself is pulled less, and the side away from the Moon (area F) 
is pulled the least. 

The Moon is not the only cause of tides on Earth. The Sun, 
too, produces tides. Because it is so much farther away than 
the Moon, it has less effect on the tides than the Moon has. But 
in a small way it does increase or decrease the Moon’s tide- 
producing effect. When the Sun is lined up with the Moon, they 
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Figure 16.12 There are two high bulges in the ocean. The depth of 
the water is greatly exaggerated in this diagram. 


Figure 16.13 The Moon and Earth orbit around their common center 
of mass, which is actually located inside Earth (point B). 
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work together and the tides are especially high. When the Sun, 
the Moon, and Earth form a right angle, the tide-producing 
effect of the Sun and the tide-producing effect of the Moon tend 
to cancel each other, and weak tides are produced (Figure 
16.14). Most of the time, the Sun and the Moon do not line up; 
they pull Earth from different directions. 

Can you think of another reason why tides are higher at 
some times than at other times? (Hint: Think about Activity 
16.1 again. What did you learn about the Earth-Moon dis- 
tance?) 

Tides also occur in Earth’s solid crust, which is somewhat 
flexible. There are even tides in the atmosphere. Atmospheric 
tides are complex, due to changing weather conditions. But 
the explanation of all tides is the same, whether in the oceans, 
the solid crust, or the atmosphere. The cause is the gravita- 
tional pull of the Moon, and to a lesser extent, that of the Sun. 

You may be surprised to learn that there are tides on 
the Moon, too. They are caused by the gravitational pull of 
Earth. As a result, the shape of the Moon is not perfectly round, 
but instead bulges toward Earth. Because the Moon has no 
oceans, the bulge is not so obvious. The tides on Earth and the 
Moon influence the motions of both bodies in very complicated, 
interesting, and not completely understood ways. The tides 
act to slow down the rotation of Earth on its axis while making 
the Moon’s orbit bigger. In other words, the day is getting 
longer and the Moon is getting farther away from Earth. But 
don’t worry! Both changes are occurring very, very slowly. 
You don’t have to rush out to buy a slower-running clock, and 
the Moon will always be around for you to look at. 








NEAP TIDES 


Figure 16.14 Especially high 
tides, which occur when the Sun, 
the Moon, and Earth are lined up 
(left and middle diagrams) are 
called spring tides. Weak tides, 
which occur when the Sun, the 
Moon, and Earth form a right 
angle (right diagram) are called 
neap tides. 
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1. What are some ways the Moon affects life on Earth? 
2. What keeps the Moon in orbit around Earth? 

3. Describe the Moon’s phases. 

4. How many tidal bulges are there on Earth? 

5 


Does the Sun have any effect on the tides? 


WHAT'S IT LIKE ON THE MOON? 


Next to going there like the astronauts, the best way of study- 
ing the Moon is through a telescope. In fact, for an overall view, 
a photograph taken through a powerful telescope is the best 
way of getting an idea of what the Moon is like. 

Figure 16.15 is a photograph of the Moon taken at quarter 
phase, and Figure 16.16 is a closeup shot of a crater named 
Archimedes. In these pictures, we see craters, mountains, and 


Figure 16.15 (below left) The ups and downs of the Moon’s surface 
can be clearly seen in the areas near the dark area. 





Figure 16.16 (below right) You 
can figure out some of the history 
of this part of the Moon’s surface. 
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valleys that appear to be somewhat similar to those on Earth. 
On Earth there are not nearly as many craters as on the Moon. 
How do you think the Moon’s craters were produced? (Make a 
guess.) The dark, flat areas on the Moon were once believed to 
be seas, but today we know they are quite dry and were prob- 
ably produced by lava flows. 





activity 16.2. Studying the Moon from 
photographs 


In Figure 16.15, is the Sun shining from the left or from the 
right? If you were standing on the shadow line separating the 
dark and light halves of the Moon, where would the Sun appear 
to be in your sky? Where would you have to stand in order for 
the Sun to be directly overhead? 

From the Moon, Earth would go through phases, just as the 
Moon goes through phases when viewed from Earth. Suppose 
you were on the Moon at the time Figure 16.15 was taken. What 
phase was Earth in? 

Notice that the shadows in the craters are deepest near the 
dark half of the Moon. To understand this, ask yourself what 
time of day on Earth your shadow is longest. Could we use the 
length of a mountain’s shadow to calculate its height? How? 

Study Figure 16.16 carefully. Which formed first—the flat 
areas or the craters? 


Ls 


The environment of the Moon. Some of the things 
essential for life as we know it are water, food, and air. None of 
these things have been found on the Moon. Earth is just far 
enough from the Sun to receive the right amount of energy in 
the form of sunlight to make Earth’s surface favorable to life. 
The Moon and Earth are about the same distance from the Sun. 
Then why is the Moon’s environment so different from Earth’s? 
The main reason is that the Moon has no protective atmosphere 
to stop harmful radiation and soften the Sun’s influence. The 
lack of an atmosphere on the Moon is related to the Moon’s 
weak gravitation, as we will discuss later. On Earth, the 
atmosphere reduces the temperature changes between day and 
night. And despite this, it is colder at night than during the 


daytime. But on the Moon, the temperature at night is -156°C, 
and during the day it is about 100°C. On the Moon’s night side, 
even air would freeze solid; while on the day side, water would 
boil! Without an atmosphere, there can be no weather on the 
Moon. This means no rain, no clouds, no winds—just the harsh 
direct rays of the Sun in a black sky. (Our sky is blue only 
because of the atmosphere, which scatters sunlight in a way 
that makes the sky appear blue and prevents us from seeing 
the stars. On the Moon, the stars are visible during the day.) 
Without the pressure of an atmosphere, water boils more 
easily. Even on the Moon’s cold side, water (and ice) would 
quickly evaporate. On the hot side, the absence of pressure and 
the high temperature would combine to make water disappear 
even more rapidly. Except for water that might be trapped in 
rocks or under the ground, all the water on the Moon would 
have escaped into space long ago. 

How did we know all this before we went to the Moon? 
Figure 16.17 provides a clue. It shows the Moon passing in 
front of a planet, in this case Venus. Notice how clear and 
sharp the image of Venus is. If the Moon had an atmosphere, 





Figure 16.17 The object at left 
is Venus. This photograph was 
made when the edge of the Moon 
almost covered Venus. 
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what would we expect to happen? (Think of how the Sun shim- 
mers and seems to change shape at sunset seen from Earth. 
What causes this to happen?) Look at Figure 1.1. Do you see 
how that picture also demonstrates that the Moon has no 
atmosphere? 

The prospects for a visitor to the Moon are not very encour- 
aging. But man has faced difficulties before in order to explore 
the unknown. In the past, man has found ways to supply his 
needs while crossing deserts, climbing high mountains, diving 
to the ocean depths, and conquering the South Pole. To con- 
quer the Moon, man has traveled in pressurized spacecraft, 
and on the Moon’s surface he has worn bulky space suits. 
Indeed, he has carried a little piece of Earth’s environment 
with him to the Moon. A space suit not only provides the astro- 
naut with air to breathe, but also keeps the astronaut’s body 
under the right temperature and pressure to function normally. 


Your weight on the Moon. How much would you weigh 
on the Moon? Although you would still have the same mass, 
your weight would be only 4 of your weight on Earth. In fact, 
everything on the Moon would have only = of its weight on 
Earth. Because the Moon’s mass is much less than Earth’s, the 
Moon’s gravitation is much weaker than Earth’s. 

But while everything would be much lighter on the Moon, 
you would still have your normal strength. Could you throw a 
baseball fast enough to “put it into orbit”? No, but you could 
throw it much farther than you could on Earth. Athletic events 
on the Moon would be very different. Many records would be 
broken. Of course, all the athletes would have to wear space 
suits. Athletes’ endurance would probably be greater because 
of low gravitation. According to the Apollo astronauts, living, 
working, and playing in a low-weight environment is quite 
pleasant in some ways. The astronauts commented that they 
didn’t tire nearly as quickly as on Earth. On the Moon, would 
a man require more or less sleep, and would his workday be 
longer or shorter? 


Astronomy from the Moon. The Moon’s weak gravita- 
tion explains why it has no atmosphere. A planet’s (or a moon’s) 
atmosphere is composed of various gases, and all gasses tend 
to expand if they are not trapped inside containers. The only 
“lid” that traps a planet’s atmosphere is the gravitational pull 
of the planet on each molecule and atom in the atmosphere. 
The larger the planet, the stronger the pull, the better the lid. 





The Moon is simply too small to provide a very good lid for an 
atmosphere. Even if we could donate part of Earth’s atmo- 
sphere to the Moon, the Moon would soon let it get away. 

There are many advantages to studying the universe 
from the Moon rather than from Earth. Earth’s atmosphere is 
a great nuisance to astronomers. It blocks nearly all the ultra- 
violet radiation from the Sun and other stars. Even though it 
lets visible light through, it distorts the path of the light. This 
is what causes stars to twinkle. The effect is magnified in a 
telescope. As a result, an astronomer on Earth never has an 
ideal star image. On the Moon, with no atmosphere to bend and 
distort light, we will be able to measure the position of stars 
much more accurately and see finer details in galaxies (large 
collections of stars). On the Moon, huge telescopes will be 
easier to handle, because of their reduced weight. It would be 
impossible, or at least impractical, to build an optical telescope 
(a telescope that gathers visible light rather than radio waves 
or other radiation) much bigger than the Hale telescope at 
Mt. Palomar, California, which is 5.08 meters (200 inches) in 
diameter. Experts say that an optical telescope 25 meters in 
diameter could be built on the Moon. With a very large, Moon- 
based telescope, we could see farther and get information that 
would help us get some more answers to big questions like 
‘How and when was the universe formed?” 
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Life on the Moon. Conditions on the Moon are certainly 
not favorable for life. Yet life takes many forms, and even on 
Earth, life survives under extremely difficult conditions. So 
when samples of lunar soil were brought back by Apollo astro- 
nauts, a careful search was made for signs of life. Disappointing 
as it may seem, there is so far not the slightest evidence that 
there was ever any life on the Moon. In hundreds of separate 
tests, the results have always been negative. 

One way to look for signs of life is to look for carbon com- 
pounds. Proteins, sugars, and fats—the substances that make 
up living tissue—all contain carbon. Only a few kinds of carbon 
compounds have been found on the Moon, and the presence of 
these compounds can be explained without assuming that 
life was ever present. Scientists believe that many compounds 
found on the Moon are the result of the bombardment of the 
Moon by the solar wind, which consists mostly of protons 
(hydrogen nuclei) and electrons, but also contains nuclei of 
heavier elements, such as carbon. One of the compounds that 
have been found in lunar rocks is the gas methane, CH,. On 
Earth this gas is commonly produced by living organisms. On 
the Moon, however, its presence can be explained as the result 
of solar wind bombardment. 

Scientists searching for signs of life in the lunar material 
did make one peculiar discovery. When they placed certain 
plants in the powdered rock brought back from the Moon, the 
plants grew much faster than when they were growing in 
ordinary soil from Earth. The plants became greener. Lunar 
soil is indeed a good fertilizer, but a very expensive one! 


Erosiononthe Moon. As youhave learned, the dominant 
agents of erosion on Earth are water, wind, ice, and gravity. 
On the Moon, the first three simply do not exist, and gravity is 
considerably weaker. Does this mean that weathering, erosion, 
and the whole rock cycle cannot exist on the Moon? Certainly 
erosion is a very different process on the Moon than here on 
Earth, but it does take place. Something must break the Moon 
rocks into the soil that covers much of the Moon’s surface. 
Moon soil recovered to date is brownish or grey and is composed 
of fine particles. 

Even without weather, it is possible to explain the origin 
of the Moon’s soil and other features. Certainly mechanical 
weathering takes place on the Moon. Drastic temperature 
differences between day and night would cause Moon rocks to 
alternately expand and contract and eventually crack. The 
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most important cause of erosion on the Moon, however, is 
bombardment by particles from space. (Why is this not an 
important cause of erosion on Earth?) The Moon is constantly 
bombarded—not only by the solar wind, but also by a variety 
of other particles. Most important are the meteoroids, which 
are chunks of rock and metal that travel around the Sun. The 
very smallest meteoroids are called micrometeoroids; they 
are microscopic in size. The constant rain of these tiny particles 
“sandblasts” the Moon’s surface, chipping away at the Moon 
rocks. Figure 16.18 shows a microscopic pit in lunar material 
caused by the impact of a micrometeoroid. Glass beads of 
microscopic size are often found in lunar dust (Figure 16.19). 
How do you think these glass beads might have been formed? 

The particles broken from lunar rocks by bombardment 
are also very small in size. Over billions of years, they would 
make up the lunar soil. Gravity would slowly pull the lunar 
soil down from the mountains and high regions to fill in the 
craters and the low, flat areas. Scientists calculate that it 
takes a million years just to wear down a few millimeters of 
lunar rock. 





Figure 16.18 (below left) This 
photograph, taken through a 
microscope, shows a pit made by 
the impact of a micrometeoroid. 


Figure 16.19 (below right) This 
photograph, also taken through 
a microscope, shows the glass 
beads found in lunar dust. The 
beads shown are several 
dred angstroms in diameter. 
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Figure 16.20 The 4.5-kilogram breccia shown at left was brought back in the Apollo 15 mission to the 
Moon. A microscopic view of a lunar breccia is shown in the photograph at right. 
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1. What evidence do we have that the Moon has little or no 
atmosphere? 


2. What would be the advantages of Moon-based telescopes? 
3. Have signs of life been found on the Moon? 


4. What are some causes of erosion on the Moon? 


MOON ROCK AND MOON HISTORY 


Kinds of Moon rock. Moon rocks can be divided into 
three main groups: coarse-grained crystalline rocks, fine- 
grained crystalline rocks, and breccias (Figure 16.20). The 
coarse- and fine-grained crystalline rocks appear to have an 
igneous origin. What does the fine texture tell us about the 
conditions under which the rocks formed? The breccias are 
composed of angular fragments that appear to be cemented 
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together. Why aren’t the breccia particles rounded? Some of 
the breccia material shows evidence of having been mixed and 
then redeposited as impact debris (material scattered by the 
impact of a meteorite). 

The Moon’s surface contains many silicate minerals. With 
these silicates there is an abundance of free iron, which is 
rarely found in Earth rocks. Moon rocks also have a high 
concentration of titanium and zirconium, not typical of most 
Earth rocks. 

In addition to microscopic glass spheres, Moon rocks also 
contain larger, visible glass spheres. Many Moon rocks are 
covered with these glass spheres, which act like reflectors and 
give the rocks a glittery appearance. It is believed that when 
a meteorite hits the Moon’s surface, it melts enough rock to 
make a puddle of molten rock. The impact splashes some of the 
molten rock into the lunar vacuum, where it immediately cools 
and solidifies into glass spheres. 

Lunar geologists have attempted to discover whether 
rocks exposed on the Moon’s surface had ever been disturbed— 
for example, by a moonquake or by a meteorite crashing 
nearby. Evidence shows that at least some Moon rocks were 
tumbled about on the Moon’s surface after they were formed. 


Age of Moon rocks. As you know, there is great varia- 
tion in the age of rocks found on Earth. Do Moon rocks show 
the same variation? Scientists have performed extensive tests 
using dating techniques based on the radioactivity of lunar 
samples. The crystalline rocks are reported to be more than 
3.5 billion years old, while samples of the soil and breccias 
are as much as 4.6 billion years old. The soil samples and brec- 
cias may represent some of the original surface material. 


The Moon’s interior. Exploration of small areas of the 
Moon’s surface by Apollo astronauts has given us much infor- 
mation about the surface. But what is the Moon’s interior like? 
Is it composed of layers like Earth, or is it uniform throughout? 
An answer is provided by a study of seismic waves. Seismo- 
graphs have been placed at various places on the Moon. From 
the seismic studies, it was concluded that the Moon’s central 
core is neither as hot nor as dense as was once believed. It is 
now believed that the increase of temperature with depth on 
the Moon is two or three Celsius degrees per kilometer. This 
suggests that the temperature at the center of the Moon is 
between 800 and 1000°C. This low temperature, which is 
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only one fifth of the central temperature of Earth, would imply 
that most of the Moon is solid. 

Other Apollo devices measured the Moon’s magnetic 
properties. The Moon’s magnetic field is a thousand times 
weaker than the magnetic field of Earth. In fact, it is so small 
that it is barely detectable. This observation, some scientists 
feel, confirms that the Moon is solid throughout. Why? 


Origin of the Moon. Many of the Moon’s features are 
difficult to explain, but the most difficult question of all is how 
the Moon itself was formed. No other planet has a moon so 
large compared to the planet itself. In fact, our Moon is so large 


compared to Earth that Earth and the Moon together are 
sometimes called the “double planet.” There are several theo- 


ries of how the Moon was formed. According to one theory, the 
Moon was once an independent planet traveling around the 
Sun. It strayed too close and was captured by Earth’s gravita- 
tion. Another theory is that Earth and the Moon formed at the 
same time. A whirling cloud of dust condensed into two sep- 
arate bodies. One body became the Moon and the other became 
Earth. Today astronomers favor the second theory, but they 
are by no means sure that it is correct. 


CirlEeECIK YOUR FACTS 

1. What are the three main groups of Moon rocks? 
2. How were the Moon’s glass spheres formed? 

3. How old are the oldest Moon rocks? 

4. How hot is the Moon’s interior? 
5 


. What are two theories of the Moon’s origin? 


APPLYING WHAT YOU HAVE LEARNED 


1. Does the Moon move eastward or westward across the sky? 
Explain. 


2. Would the different distances from Earth to the Moon 
affect the appearance of a total solar eclipse? Explain. 


3. Suppose the Moon and the Earth were nearly the same 
mass. Where would we find the center of mass of this system? 
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4, What is the difference between the dark side of the Moon 
and its hidden side? 


5. Are the Moon and the Sun the same size in the sky? 
Explain. 


6. How is it possible to have a high tide on both sides of the 
Earth at the same time? 


7. Would Earth exhibit phase, as the Moon does, if you were 
on the Moon looking back at Earth? 


8. Why does the Moon’s temperature change so drastically? 
9. How much would you weigh if you were on the Moon? 


10. What would you assume if we found solar wind particles 
embedded on the bottoms of undisturbed lunar rocks? 
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ellipse (p. 311) solar eclipse (p. 315) 
gravitational force (p. 311) high tide (p. 316) 
quarter moon (p. 314) low tide (p. 316) 

full moon (p. 314) meteroid (p. 325) 

new moon (p. 314) micrometeoroid (p. 325) 
phase (p. 314) breccia (p. 326) 


lunar eclipse (p. 315) 





Figure 17.1 How do you think 331 
these features on Mars might 
have been formed? 


chapter 17 
Other Worlds 


It was a quiet and lonely Halloween Eve, October 30, 1938. 
Imagine yourself sitting in your living room that Sunday 
evening, half listening to the radio and half reading the Sun- 
day funnies. The music on the air was that of Raymond 
Racquel and his Orchestra. There was an interruption. 
henge 


Ladies and gentlemen, we interrupt our program of 
dance music to bring you a special bulletin from the 
Intercontinental Radio News. At 20 minutes before 
8, Central Time, Professor Farrel of the Mount Guinea 
Observatory, Chicago, Illinois, reports observing 
several explosions of incandescent gas occurring at 
regular intervals on the planet Mars. The spectro- 
scope indicates the gas to be hydrogen, and moving 
toward the Earth with enormous velocity. Professor 
Pearson of the observatory at Princeton confirms 
Farrel’s observations, and describes the phenomenon 
as, quote, like a jet of blue flame shot from a gun, 
end quote. We now return you to the music of Ray- 
~ mond Racquel and his Orchestra. 
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This was the beginning of a frightening event, a dramatic 
interpretation of H. G. Wells’ story War of the Worlds. It was 
a broadcast that panicked a nation. It told of invading Mar- 
tians who blasted off from their planet and landed on a small 
farm near Grovers Mills, New Jersey. The invaders immedi- 
ately began to kill people. They disrupted communications, 
defeated our army, and occupied whole sections of our country. 
It was a thrilling drama that fooled many listeners. For them, 
the end of the world had come. 

Just how ridiculous is it to suspect that we might someday 
be visited by beings from a distant planet? Why should we 
think that we are alone in space? Figure 17.2 shows just a 
small portion of the sky. Of the billions upon billions of stars 
in the sky, many must have planets, and some of these planets 
must have the right conditions to support life. 

Life as we know it here on Earth is based on complex 
chemical reactions involving mostly carbon, hydrogen, oxygen, 
and nitrogen. To sustain life requires water, food, air, and 
moderate temperatures. Perhaps these conditions exist else- 
where and perhaps elsewhere someone is asking the same 
question we are asking: Are we alone? 





Figure 17.2 Through a tele- 
scope, even a small portion of 
the sky shows many, many stars. 
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A SEARCH FOR LIFE 


The search for life beyond Earth is without doubt one of the 
most exciting pursuits in the history of mankind. The search 
for life on the planets of our own solar system has begun, but 
it will probably be centuries before we can search for life 
among the stars. The best we can do today is to speculate on 
the possibility of life elsewhere and to make intelligent 
guesses. To simplify the problem, it is best to apply the prin- 
ciple of uniformity to the structure of the universe. This 
means that we assume that the laws of science and the basic 
nature of matter are the same on the most distant stars as on 
Earth. (In a sense, this principle is an extension of the principle 
of uniformitarianism from Earth to the whole universe.) If 
we didn’t make this assumption, we would have no place to 
begin our thinking. How could you think intelligently about a 
subject if you were completely ignorant about it and could 
make no assumptions at all about it? 

Man has discovered a set of ingredients, called chemical 
elements, from which all things are made. There are definite 
rules or principles about how the elements combine to form 
molecules and how molecules combine to form matter, includ- 
ing living tissues. To eliminate unlikely possibilities and wild 
thinking from our investigations, we will assume that the 
chemical elements and the rules governing them are the same 
throughout the universe. Only then can we begin an intelli- 
gent investigation into the possibility of life beyond Earth. 


Other stars and planets. The stars are like beacons 
of light peering from every direction. How many stars are 
there? And how many of them could have planets that may 
have life? To answer these questions with our present knowl- 
edge is impossible, but it is possible to make rough estimates. 

Some scientists believe that our galaxy, the Milky Way 
system, contains at least 10" (that is, 100,000,000,000) stars. 
Pretty big number, isn’t it? How long would it take you to 
count that far? If you counted one star every second of your 
life, it would take fifty times the length of your life to count 
that far. 

In the introduction to this chapter we raised the question 
about whether there might be life elsewhere in space. Let’s 
pursue that question by doing a little arithmetic. Since we 
are going to have to make many assumptions, don’t take any 
statement in this discussion as a proven fact. Let’s start by 
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assuming that approximately one out of ten stars in our galaxy 
is like our Sun. One tenth of 10” is 10”°. (Work this out to prove 
to yourself that it is so.) Thus, there might be 10” stars that 
are like the Sun. The distance Earth is from the Sun has a 
great deal to do with life on Earth. (Earth is within the “life 
zone”—not too close to the Sun and not too far away.) So per- 
haps we need to look for a planet that revolves around a Sun- 
like star, at a distance about equal to the Sun- Earth distance, 
give or take a few million kilometers. Of all the stars like the 
Sun, let us say that one out of ten have planets around them. 
This gives us 10° stars with planets around them. Of those, it 
would not be unreasonable to say that one out of ten may have 
a planet in the life zone. This gives us 10° planets in the life 
zone. Of those planets, how many have something in common 
with Earth? One out of ten again wouldn’t be unreasonable— 
giving us 10’. How many of those planets could possibly have 
the requirements to sustain life of some kind? Let’s say only 
one out of 100. This leaves 10° planets that could contain some 
form of life. Of those, how many could contain forms of life 
that we would call “intelligent”? Perhaps 10°? Or 10°? Very 
hard to say. 

Remember, we have been talking only about our galaxy. 
Although our galaxy is unimaginably huge, it is but a tiny 
speck in the universe. So let’s not think that, in the whole 
universe, we’re the only intelligent beings! 

Now that you are fairly well convinced that life may exist 
on some remote planet about some distant star, let’s take an 
imaginary trip to such a planet. 


A trip to the stars. At present, our speed in space is 
limited to about 40,000 kilometers per hour. At this rate, how 
long would it take to travel to another solar system? Say to a 
close one—only 40 trillion kilometers away. Perhaps before 
thinking about a trip like this you should investigate the 
distances to the stars and even to the galaxies. How far is the 
nearest star and how long would it take to travel there? 

First let’s consider Proxima Centauri, the star nearest us 
other than the Sun. Proxima Centauri is 270,000 times farther 
from us than the Sun is. Even if we could travel at the speed 
of light (300,000 kilometers per second), a trip like this would 
take over four years. At 40,000 kilometers per hour, would you 
live long enough to make the journey? Figure it out. (The Sun 
is about 150 million kilometers from us.) 

Suppose you could travel 40,000 kilometers per minute, 
how long is the trip? How about 40,000 kilometers per second? 
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Maybe now you begin to realize that a trip to the nearest 
star (and to a planet that might be orbiting around it) would 
take a long time! And, unluckily, scientists suspect that 
Proxima Centauri does not have a planetary system. So our 
journey to a possible candidate becomes even longer. Before 
such an immense undertaking, we ought to examine some evi- 
dence that other planets beyond the Sun really do exist. 

We learned in the last chapter that as the Moon revolves 
around Earth, Earth must move as well. The two really re- 
volve together about a balance point between them. The same 
is true for a planet revolving around a star. If the planet is 
large enough compared to the star, it will cause the star to 
slightly shift its position back and forth. This effect is com- 
monly observed in double stars. (A double star is a pair of 
stars that revolve around each other.) But some stars that 
“wiggle” like this have no star close to them. Astronomers 
believe that this motion is due to an unseen planet revolving 
around the star. In some cases they have even calculated the 
mass of the planet. 
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OUR FAMILY OF WORLDS 


Let us now look closer to home—at the planets of our solar 
system. On a clear night, you can almost always see one or two 
planets in the sky. Including Earth, there are nine planets in 
the system. How big are the planets and how far away are they 
from the Sun and from Earth? Activities 17.1 and 17.2 will 
help you answer these questions. 


TE SD, 


activity 17.1 Solar system sizes 


The table below gives the diameters of the Sun, planets, major 
asteroids (small bodies orbiting around the Sun), and natural 
satellites of the solar system. Imagine that you are given 
the items in the first column and that you are making a model 
of the solar system with them. Match up each of the items with 
the part of the solar system it represents. 


Diameter 

(kilometers) 
a red apple Sun 1,392,000 
a 15-meter (50-foot) ball Mercury 4,840 
a handful of birdseed Venus 12,200 
an orange Earth 12,742 
a 1.5-meter (5-foot) ball Mars 6,720 
a soft ball Asteroids up to 770 
a handful of plums Jupiter 138,000 
a 1.7-meter (4 feet Saturn 115,000 

and 2 inches) ball 

a lemon Uranus 48,000 
a bunch of grapes Neptune 45,000 
2 beach balls Pluto 5,800 ? 
a grapefruit 32 satellites up to 5,000 





activity 17.2 Solar system distances 


You now have an idea of the relative sizes of the members of the 
solar system. But what about the distances between them? To 
get an idea of the relative distances, let’s put the solar system 
on your football field. 
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If the length of your football field represents the radius of 
the solar system (that is, if the Sun is on one goal line and Pluto 
is on the other goal line), where would the other planets and the 
asteroids be? In the following table, the distance of the planets 
and asteroids from the Sun is given in astronomical units. One 
astronomical unit, or AU, is the average distance of Earth from 
the Sun (about 150 million kilometers). Go out to your football 
field and mark the places where the planets and asteroids 
would be. 


Planets Distance from Sun 
(AU) 
Mercury 0.4 
Venus 0.7 
Earth 1.0 
Mars 1.5 
asteroids 2.8 
Jupiter 5.2 
Saturn 9.5 
Uranus 19.2 
Neptune 30.1 
Pluto 39.5 





A look at the Mercurian world. A good place to begin 
our study of the planets is the planet Mercury. Twinkle, 
twinkle, little planet! Perhaps you have heard that one way 
to tell a planet from a star is to see if it twinkles. Stars twinkle; 
planets don’t. But there is one planet that does: Mercury. 
Mercury is usually too close to the Sun to be seen. During the 
few days a year when it is visible, it is near the horizon and is 
difficult to observe. Can you think of a reason why it twinkles 
so much? 

Mercury is indeed hot. Lying so close to the Sun, it really 
feels the Sun’s fiery breath. Surface temperatures on Mercury 
probably rise above 350°C during the day and drop below 
—180°C at night. Knowing these things, do you think Mercury 
has an atmosphere? Is it reasonable to expect that Mercury’s 
surface is covered by many pits and craters? Do you think life 
as we know it could exist in such an environment? 


The world of Venus, goddess of love. Rotating 
ridiculously backward, the planet Venus is (at times) our near- 
est neighbor beyond the Moon. In size, Venus is nearly Earth’s 
twin. In distance it is only one third closer to the Sun than is 
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Earth. Its mass is also close to that of Earth. Since there are 
so many similarities between the two planets, wouldn’t you 
think other conditions might be similar too? 

Venus’s axis of rotation is perpendicular to the plane of 
its orbit— not tilted like Earth’s axis. What would the seasons 
be like on Venus? Would there be summer and winter? If you 
lived on Venus’s north or south pole, would the Sun appear 
high in your sky or would it always be on your horizon? 

Various space probes have shown that the temperature on 
the surface of Venus gets above 400°C, hot enough to melt 
lead. The atmosphere of Venus is 95 percent carbon dioxide. 
Do you think this has something to do with the high tempera- 
tures on Venus? (Remember the “greenhouse effect” from 
Chapter 13?) Figure 17.3 shows an artist’s imaginary view of 
a sunset on Venus. 

Most scientists now believe that because of the extreme 
temperature of Venus, life as we know it simply could not exist 
there. There are certain microorganisms on Earth that can 
live in hot springs at very high temperatures—but not at any- 
thing near 400°C. It seems that “Venus,” Roman goddess of 
love, is a wrong name for this planet! 


The world of Mars, god of war. Over fifty years ago a 
wealthy French woman offered a large reward for anyone who 
could communicate with someone on some other planet. She 
made, however, one exception—Mars. “Everyone suspects 
Mars to have life,” she explained. 

Many astronomers believed that they saw long, straight 
lines on the Martian surface when they studied Mars through 
a telescope. Percival Lowell, a famous astronomer of the early 
20th century, believed Mars was the home of highly civilized 
beings and that the lines on the Martian surface were canals 
that formed a complex irrigation system. The Martian centers 
of population were located in the oasis where the canals 
crossed. (An oasis is a well-watered spot with much vegeta- 
tion.) The use of the term “canal” for the lines of Mars came 
about through a misunderstanding. An Italian astronomer, 
Giovanni Schiaparelli, had called the lines “canali,” the Italian 
word for “channels.” Eager beavers translated the word into 
“canals.” 

In 1894 Lowell wrote, “Certainly what we see hints at the 
existence of beings who are in advance of, not behind us in the 
journey of life.” 

In recent years, the Mariner space probes have radioed 
back many photographs of Mars. None of the photographs 





Figure 17.3 This imaginary 
drawing shows various stages 
of a sunset on Venus. Because 
of the extreme refraction (bend- 
ing) of light by Venus’s atmos- 
phere, everything on Venus 
appears distorted. As the Sun 
touches the horizon, it spreads 
into a band of light along the 
horizon. No one knows yet wheth- 
er Venus’s atmosphere is trans- 
parent, as shown here. It may be 
not transparent at all, or only 
slightly transparent. 


Figure 17.4 (right) These photo- 
graphs, taken at different times, 
show the changing face of Mars. 
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Seasonal Development Of The Dark Markings 


Spring Summer 


June 29, 1909 


Apr. 17, 1907 
May 11, 1924 Aug. 1, 1926 
May 2, 1939 July 11, 1941 





Mar. 15, 1954 June 7, 1956 
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shows any lines or canals! What do you think Schiaparelli 
really saw when he described his “canali”? Were they only in 
his imagination? 

Perhaps your teacher has a large photograph or sketch 
of Mars (without the canals). Request that each student in 
your class be allowed to draw what he sees from where he is 
seated in the room. Discuss what each student sketched. 

Figure 17.4 shows various photographs of Mars taken 
through a telescope on Earth. Hold the book at arm’s length 
and squint at the photographs. You might be able to imagine 
that you are seeing lines on Mars’s surface. The early astron- 
omers who thought they saw lines on Mars’s surface did not 
have telescopes as good as the one used to take these photo- 
graphs. Their view of Mars was even fuzzier than these views. 
If they could have seen more clearly, their imaginations might 
not have run so wild! 

Today we have crystal-clear pictures of the Martian sur- 
face taken by various Mariner spacecraft as they passed by 
Mars or as they orbited around it. Figure 17.1 is a Mariner 
photograph covering about 1000 square kilometers of the 
Martian surface. Do you see any canals? What feature other 
than the craters do you notice? Does this feature look like a 
canal or does it look like a natural feature? What feature on 
Earth does it resemble? 

An observation supporting the idea that there is at least 
plant life on Mars is the apparent change of colors seen on the 
surface during the different seasons. Parts of the surface ap- 
pear to turn rusty brown in the autumn and green in the 
spring, suggesting that the planet might have vegetation. 
It was once thought that the dark areas might be forests like 
those on Earth. 

Mariner photographs show no presence of vegetation on 
Mars. They do show, however, that gigantic dust storms take 
place on Mars. These dust storms change some surface features 
of Mars and may have something to do with the seasonal color 
changes. 

The space scientist Robert Leighton suggests that the 
reddish color is due to ultraviolet radiation hitting carbon 
trioxide (C,O,). Under the influence of the radiation, the car- 
bon trioxide molecules would join together in long chains that 
would give the Martian atmosphere a reddish color. In the 
laboratory this experiment produces a strong odor. Dr. Leigh- 
ton says that “the environment of Mars probably smells like 
fermented sweat socks.” 

When man sets foot on the surface of Mars he will feel 
more normal than he did on the Moon, since the surface gravity 





Figure 17.5 (above) This moun- 
tain on Mars is bigger than any 
mountain on Earth. How do you 
think this mountain formed? 
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of Mars is one third of that on Earth, or twice as strong as on 
the Moon. 

Since Mars is about 1.5 times farther from the Sun than 
Earth is, what would you predict the temperature to be on the 
surface? At noon on the Martian equator it is thought the 
temperatures can reach 20°C (70°F), a comfortable tempera- 
ture for us. However, at midnight the temperature drops to 
below —70°C. Can life as we know it survive such cold? We 
don’t know. 

What are the surface features of Mars? Recent studies 
indicate that mountains on Mars may be higher than Mt. 
Everest here on Earth (Figure 17.5). By putting many Mariner 
photographs together, scientists have produced a “world map” 
of Mars (Figure 17.6). Is the Martian world more like Earth 
or more like the Moon? 

Mars does resemble Earth in some ways. For example, it 
has an atmosphere. However, the Martian atmosphere has a 


Figure 17.6 (below) This map 
shows all of the surface of Mars 
except the polar regions. The 
biggest bump at the left of the 
map is the mountain shown in 
Figure 17.5. 
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very different composition from ours. It is composed chiefly 
of carbon dioxide; there is some water vapor, but free oxygen 
is rare. The atmospheric pressure is very low—about what we 
would find on Earth at an altitude of 30 kilometers. 

Laboratory experiments on Earth show that some organ- 
isms can grow under conditions that we think are similar to 
those on the surface of Mars. Some scientists believe that 
Earth’s early atmosphere started out being rich in carbon 
dioxide. Thus it is possible that Mars’s atmosphere has simply 
not evolved as far as Earth’s. If living organisms are found on 
Mars, what would this mean for man? Under favorable condi- 
tions, scientists may develop techniques for transporting man 
to Mars and possibly altering the Martian atmosphere to make 
it capable of supporting human life. 

Suppose that somehow man made the environment of 
Mars suitable for you to live in. What would it be like? Would 
the sky be blue and clear, or would it be cloudy and dark? Be- 
cause the Martian atmosphere is thinner than Earth’s, would 
you expect the sky to be lighter or darker blue? Even during 
the Martian daylight hours, the brighter stars could be seen. 
Imagine stars like sparkling sequins against a background of 
blue velvet. It would indeed be beautiful. 

How do you think our Moon would appear from Mars? Of 
course its surface features couldn’t be visible from a distance 
of, say, 100 million kilometers without the use of a telescope. 
But even to the unaided eyes, the Earth- Moon system would 
look like a bright double star. 

Mars has two satellites of its own. According to Roman 
mythology, Mars, the god of war, had two servants—Phobos 
and Deimos, meaning “fear” and “terror.” So when Professor 
Asaph Hall in 1877 first observed the two tiny satellites of 
Mars, it seemed logical to name them Phobos and Deimos. 
Unlike Deimos, Phobos rises in the west and sets in the 
east. Phobos is shaped like a baked potato (Figure 17.7) and 
is 23 kilometers long and 18 kilometers wide. Deimos is small- 
er. We have also found out that Mars’s satellites follow nearly 
circular orbits—Phobos at about 6,000 kilometers up and 
Deimos some 20,000 kilometers up. Because they are so close 
to Mars, what do you suppose the future holds for these satel- 
lites? Some scientists think that Phobos will slam to the sur- 
face in less than 10 million years. Would you expect Deimos 
to stay in orbit for a longer or shorter time than Phobos? 

Where did these satellites come from? According to one 
Mariner project scientist, the odd shape of these satellites 


Figure 17.7 Phobos, 
baked potato. 


Mars’s 
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suggests that they were captured by the planet years ago. A 
Russian astronomer proposed a rather fantastic idea—the 
satellites of Mars are artificial! He said that Phobos and 
Deimos were manufactured by highly civilized beings who 
inhabited Mars perhaps several millions of years ago. Because 
various gases escaped from the atmosphere, the inhabitants 
were forced to launch satellites into space and live in them. 
Could it be that these satellites are hollow? 

Do you think it would be easier to launch a satellite from 
Mars or from Earth? Some have asked why the satellites of 
Mars were not seen in 1862 when Mars was closer to Earth 
and viewed by a larger telescope than the one Professor Hall 
used when he discovered them in 1877. Could it have been that 
these were launched into orbit between 1862 and 1877? 

It is difficult to think about the type of life that could live 
on Mars. With little oxygen, extreme variations in tempera- 
tures, and a poor supply of water, the size of Martian creatures, 
if they do exist, perhaps would be very small. An American 
astronomer has said, “A flea would not stumble over them!” 
The probability is against finding complex organisms on Mars. 
To make matters worse, Mars has no ozone in its air, so there 
would be essentially nothing to filter out deadly ultraviolet 
radiation. However, here on Earth there are simple micro- 
organisms that can live in an oxygen-lacking environment and 
are strong enough to withstand exposure to ultraviolet radia- 
tion. On Earth a kind of common soil bacterium has thrived 
in a simulated Martian atmosphere composed chiefly of carbon 
dioxide. It has withstood the extremes of Martian conditions. 

There is a real danger that Earth’s microorganisms, trans- 
ported by a space vehicle, could contaminate the Martian sur- 
face. We must thoroughly sterilize any spacecraft that we 
intend to land on Mars. Also think of what could happen if 
microorganisms from Mars were allowed entrance to Earth’s 
environment! 


Jupiter—a worid or a star? To investigate the planet 
Jupiter (Figure 17.8) requires some serious thought, too. How 
could a planet 318 times more massive than Earth support 
life? Can a body more than five times farther from the Sun 
receive enough energy? Recent studies tell us that Jupiter—a 
“solar system” in itself with a dozen satellites—is actually 
putting out 2.5 times the energy that it receives. This suggests 
that it acts as a tiny star whose furnace never really got going. 
How can a planet having an atmosphere chiefly of hydrogen, 





helium, methane, and ammonia support life as we know it? 
Although Jupiter appears to contain a poisonous atmosphere, 
some scientists think that Earth’s early environment was 
similar. 

Experiments in the laboratory (Figure 17.9) show that 
electrical discharges (like lightning) in a mixture of gases 
similar to the atmosphere of Jupiter will produce the molecules 
that are building blocks of simple forms of life. Is it then pos- 
sible that the atmosphere of Jupiter could offer a natural 
laboratory to study the origin of life? Jupiter could be teeming 
with forms of early life resembling those on Earth billions of 
years ago. 

It is thought by some scientists that Jupiter’s thick at- 
mosphere also produces a greenhouse effect, trapping not only 
the Sun’s radiation but also the energy the planet itself emits. 
The surface environment could be as high as a comfortable 
20°C, despite Jupiter’s great distance from the Sun. Can you 
imagine Jupiter having warm seas of ammonia rather than 
water? 


Beyond the life zone. As we move out farther into the 
solar system to Saturn, Uranus, Neptune, and Pluto, the pros- 
pect of finding suitable environments for life gets smaller and 
smaller. Without an abundant supply of solar energy, life as 
we know it cannot survive. As a matter of fact, to date there is 


Figure 17.8 Jupiter, the giant 
of our planetary system. 
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no clear evidence that life exists anywhere in the solar system 
except on Earth! 

Closer investigations of the outer planets will take place 
in the late 1970s in “planetary grand tour” programs (Figure 
17.10). Under the proposed plan, a spacecraft leaving Earth 
would pass Jupiter and be hurled by Jupiter’s gravitational 
field toward Saturn, and then on toward Uranus, Neptune, and 
Pluto. Other spacecraft will take tours to Venus and Mercury. 
These missions will take pictures and measure temperatures, 
pressures, and magnetic fields. They will also investigate the 
properties of the planets’ atmospheres and, in the case of Mars 
and Jupiter, look for evidence of life. 


CHB Gk WOU REA CaS 

1. What is the principle of uniformity? 

2. What is the speed of light? 

3. What are some characteristics of Venus’s atmosphere? 


4. Have Mariner photographs of Mars shown the presence of 
canals or vegetation? 


5. Are there mountains on Mars? 


JUPITER 
y 






NEPTUNE (1988) 


17.9 (above left) Dr. 
Cyril Ponnamperuma is one of 
the leading researchers involved 
with the possibility of life on 
planets other than Earth. 


Figure 


Figure 17.10 (above) Scientists 
hope that “grand tours” by un- 
manned spacecraft will be start- 
ed in the late 1970s. This diagram 
shows one of the proposed tours. 
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OTHER WORLDS SEEN FROM EARTH 


Most of us will probably never have an opportunity to visit the 
Moon or the planets. However, these other worlds are inter- 
esting even if we can only study them from Earth. For exam- 
ple, let’s see how Mars moves through the sky when seen from 
Earth. 





activity 17.3 Plotting Mars’s path through 
the sky 


If your view was not blocked by the horizon, the sky would 
appear to you like a sphere viewed from the inside. Therefore, 
making a chart of the sky on a flat piece of paper is like making 
a flat map of the round Earth. We will use a rectangular piece 
of graph paper to represent the entire sky, or celestial sphere, 
as it is called. In order to plot the movements of Mars, we must 
establish a system of coordinates that represents the positions 
of the fixed stars. Draw a straight line across the middle of a 
large sheet of graph paper. This line represents the projection 
of Earth’s equator on the sky. It is called the celestial equator 
(Figure 17.11). West is to the right and east is to the left. Above 
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Figure 17.11 Draw your own 
chart of the sky, like this one. 
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the line is the northern hemisphere of the sky; below the line, 
the southern hemisphere. Since the celestial equator is really a 
circle, the points on the extreme left and extreme right corre- 
spond to the same position in the sky. Because any point in the 
sky appears to move around Earth in 24 hours, the celestial 
equator is divided into 24 equal intervals, each interval repre- 
senting one hour. They are numbered right to left, from 0 hour 
all the way around to 24 hours, which is the same position as 
0 hour. The horizontal position of Mars along the celestial equa- 
tor is given in hours and minutes (remember there are 60 
minutes in an hour); its vertical position north or south of the 
equator is given in degrees. 

From the data given below, plot the position of Mars for the 
entire year. Connect the points with a smooth line. Does Mars 
change direction as well as position during the year? 


Positions of Mars, 1971 


Month Horizontal position Vertical position 
January 15 hr 31 min 18°19’ south 
February 16 hr 52 min 22°10’ south 
March 18 hr 07 min 23°32’ south 
April 19 hr 26 min 22°50’ south 
May 20 hr 34 min 20°47' south 
June 21 hr 26 min 18°57’ south 
July 21 hr 45 min 19°39’ south 
August 21 hr 22 min 22°37' south 
September 21 hr 05 min 22°18’ south 
October 21 hr 32 min 18°06’ south 
November 22 hr 28 min 11°24’ south 
December 23 hr 24 min 03°31' south 





Why is Mars’s path so complicated? Why does Mars seem 
to do loops? Actually, Mars moves in a very simple, almost 
circular orbit around the Sun. Most of the complications arise 
because our observing platform, Earth, is moving around the 
Sun while we are observing the planet. It is the combination 
of Mars’s motion around the Sun and our own motion that 
causes most of the complexity. Figure 17.12 represents the 
actual orbits of Earth and Mars around the Sun. When Earth 
is at E,, Mars is at M,; when Earth has moved to E,, Mars has 
moved to M,, and so on. After position £,,, Earth returns to E,, 
which now becomes E,,; E, becomes £,,; all the previous num- 
bers of Earth’s positions are increased by 12. The second time 
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Earth completes its orbit, E, becomes E,;, E, becomes Fy¢, and 
so on. After Mars has completed one orbit, M, becomes M,,; M, 
becomes M,,; all the Mars position numbers are increased by 
Ze 


ee 


activity 17.4 Why does Mars do loops? 


From Figure 17.12 we can plot the path that Mars seems to fol- 
low in the sky. The arrow in Figure 17.12 is very important. It 
represents the direction of a star that we are going to use as our 
reference point. 

Place a sheet of tracing paper over Figure 17.12. Trace the 
arrow that points to the fixed star, draw a circle around the E, 
position, and put a dot on the tracing paper over M,. Label the 
dot “1.” Keeping the traced arrow parallel to the arrow, move 
the tracing paper so that the circle is now over E,; puta dot at 
M, and label this dot “2.” Continue moving the circle over all 
the “E” positions, putting a dot over the “M” position with the 
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same number, and labelling the dot according to the number of 
the position. To get a complete pattern, you will have to go 
around Earth’s orbit about 2 1/2 times; meanwhile, Mars will 
have completed a little more than one orbit. About 30 dots 
should be enough. Now connect the dots with a smooth curve. 
Is this path real or apparent? What do we mean by “real” and 
“apparent”? What would Earth’s motion look like from Mars? 
Do the loops always occur at the same place in the planet’s 
path? If not, why not? 





Galileo was the first to look at the planets through a tele- 
scope. He observed that they not only changed position and 
direction, but also changed in brightness. He said that two of 
the planets “imitated the forms of Cynthia” (an ancient name 
for the Moon). How can planets, like the Moon, exhibit phases? 
Where would they have to be in relation to the Sun and Earth 
in order to produce a phase? Let’s investigate this idea. 





activity 17.5 The forms of Venus 


Let’s try to discover the conditions under which Venus shows a 
various phase to an observer on Earth. On a large table or on 
the floor, draw two large circles with a common center. In our 
model, the inner circle represents the orbit of Venus and the 
outer circle represents the orbit of Earth. At the common center 
of the circles, place a flashlight to play the role of the Sun. 
Darken the room. Place a ball somewhere on the circle repre- 
senting the orbit of Venus and adjust the flashlight so that it 
shines on “Venus.” Place another ball at various positions 
along the circle representing the orbit of Earth. Squint across 
the top of “Earth” at “Venus.” For us to see Venus in a crescent 
phase, where must Earth be, relative to Venus? From what po- 
sition does Venus appear to be largest? Is this the same posi- 
tion from which it appears to be brightest? 


GHC eGo wine A Gales 
1. How do we indicate position along the celestial equator? 


2. How do we indicate position north or south of the equator? 
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COMETS, METEORITES, AND ASTEROIDS 


The world of comets. As fast as a comet! Do comets 
really zip across the sky? This impression, held by many peo- 
ple, is simply not true. A comet, like a planet, orbits around 
the Sun. Its orbit is very elliptical. Nevertheless, it moves 
around the Sun under the influence of gravitation, returning 
to its master perhaps only once in a hundred years. 

Comets are made up of a conglomerate of ices, with small 
solid particles embedded in the icy nucleus. Through a tele- 
scope a comet looks like a fuzzy star. When close to the Sun, 
it stretches its feathery plume of gas and solid particles across 
the sky. This comet tail always points away from the Sun; it 
also grows longer as the comet approaches the Sun (Figure 
17.13). What do you think causes comet tails to point away 
from the Sun? (Hint: What causes Earth’s magnetic field to be 
distorted, as shown in Figure 1.4?) 

From prehistoric times men have been frightened by the 
appearance of comets and thought they represented omens of 
the worst kind. What are these strange ghostly bodies and 
where did they come from? The origin of the comets remains 
a mystery, but most scientists believe they are material left 
over after the formation of the solar system. Others believe 
that they may be part of the wreckage of planets that collided. 

Most comets consist of two parts, the head and the tail. The 
comet head, which may be as much as 150,000 kilometers 
across, is a large luminous envelope of gas and dust. Some have 
been reported to be as large as the Sun. Extending from the 
head is the vaporous tail, which may reach a length of about 
one astronomical unit. Halley’s comet, the best known of all 
comets, has a tail even longer than this. 

What is the largest body in the solar system? The answer 
to this depends on what we mean by “large.” The dimensions 
of some comets are large; but their mass is small. Some astron- 
omers estimate that a typical comet may have only a trillionth 
the mass of Earth. What can you say about the density of 
comets? 

Each year new comets are seen, and some old ones return. 
About a third of all those sighted have been seen before on 
previous trips around the Sun. Comet observations can be an 
exciting hobby—particularly because a comet is named after 
the person who discovers it! Two young Japanese—a guitar 
player named Ikaya and a piano tuner named Seki—have be- 
tween them five comets to their credit. One, which they both 
observed the same night, was given the name Ikaya-Seki. If 





Figure 17.13 Can you tell from 
this photograph which way the 
comet is moving? Can you tell 
which direction the Sun is in? 
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you were the first to find an unknown comet and reported it to 
the proper authorities, it would be given your name. 

Because they lack even a solid surface to land on, it is 
obvious that comets do not provide a possible environment for 
man. Comets do, however, influence man’s environment on 
Earth. When they come close to Earth, they provide some of 
the material for meteor showers, better known as “shooting 
stars.” 


Meteorites. Except for pieces of the Moon brought back by 
astronauts, meteorites are the only extraterrestrial objects 
man has been able to observe in the laboratory. (“Extraterres- 
trial” means “originating outside Earth”.) These exotic visitors 
sometimes explode when they strike Earth’s surface, produc- 
ing some dramatic craters (Figure 17.14). Other meteorites 
bury themselves several meters in the ground. A meteorite 
that fell in a cornfield in Kansas is estimated to weigh over 
one ton. 

Often there is confusion over the terms used to describe 
these visitors from space. The word meteor is used to describe 
the bright streak of light that flashes across the sky. Meteors 
have been called “shooting stars.” Perhaps you have even 
made a wish after having seen one. A meteor is actually the 
light given off when a piece of stone or iron called a meteoroid 
zips into Earth’s atmosphere and burns up by friction with the 
air. When a meteoroid is large enough so that part of it sur- 





Figure 17.14 This crater in 
Arizona, more than a kilometer 
in diameter, was produced by 
the explosive impact of a mete- 
orite. In about ten million years— 
a short time by geological stan- 
dards—the crater will be gone. 


Why? On the Moon, one footprint 
would probably exist that long. 
Why? Can you think of a reason 
why so many craters exist on the 
Moon's surface and so few on the 
surface of Earth? 
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vives the journey to Earth’s surface, we call it a meteorite. 
Where are you more likely to find meteorites—on Earth or on 
the Moon? 

When and where do you look for meteors? Do they occur 
simply by chance, or is there some time pattern to their 
appearance? Most meteoroids travel in swarms around the 
Sun, and are commonly associated with comet orbits. At cer- 
tain times during the year, Earth intercepts these belts of 
material. When this debris collides with Earth it produces a 
meteor shower and we see more meteors than we usually do. 

More meteors are seen after midnight than at any other 
time. Why? (Hint: Why do insects splatter on the front wind- 
shield of a moving car but not on the rear window?) 


Asteroids. Thousands of small bodies called asteroids 
orbit around the Sun. Most of their orbits lie between the 
orbits of Mars and Jupiter. Some scientists have suggested that 
asteroids (like meteoroids) are fragments of planets that col- 
lided. If this were so, we would expect the total mass of all the 
asteroids to be something near the mass of a planet. However, 
it is believed that the total mass of the asteroids is less than 
5 percent of the mass of our Moon. 

If you landed on an asteroid, you would have every reason 
to say to your fellow astronauts, “It’s a small world, isn’t it?” 
Some asteroids are only a few kilometers in diameter. Ceres, 
named for the Roman goddess of harvest, is the largest asteroid 
known. It is 770 kilometers in diameter. Do you think man 
could live on Ceres? What would it be like there? Do you think 
we would find life on Ceres? 

Our search for life so far has not met with success. Per- 
haps, to find life, we shall have to go to the planetary system 
of some other star. At present this is not possible, but don’t 
underestimate man’s ability! One day, man may look upon 
some landscape illuminated by light from some star other than 
the Sun. 


CHECK YOUR FACTS 
1. Do comets orbit around the Sun? 
2. Which way does a comet’s tail point? 


3. Where are asteroids found? 
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1. What are the basic essentials for life as we know it? 


2. Why is it presently impractical for man to consider a trip 
to investigate the environment of the star Proxima Centauri? 


3. Explain how the “greenhouse effect” affects the tempera- 
ture on Venus. 


4. Do we have evidence that Mars really doesn’t have canals? 


5. Explain how planets such as Mars can reverse direction 
(loop) against the background of stars. 


6. Why is it unlikely that we will find complex life forms on 
Mars? 


7. How is it possible for Jupiter to produce more energy than 
it receives from the Sun? 


8. How do the phases of Venus compare to the phases of the 
Moon? 


9. Do planets farther from the Sun than Earth is exhibit the 
same phases as do Mercury and Venus? 


KEYvawORDS 
principle of uniformity (p. 333) comet head (p. 350) 


Proxima Centauri (p. 334) meteor (p. 351) 
astronomical unit (p. 337) meteroid (p. 351) 
celestial sphere (p. 346) meteorite (p. 352) 
celestial equator (p. 346) meteor shower (p. 352) 


comet tail (p. 350) asteroid (p. 352) 





Figure 18.1 Gigantic  distur- 355 
bances known as prominences 

can be seen all around the Sun 

in this photograph. 


chapter 18 


The Sun—The Star 
We Know Best 


What is the Sun? A burning rock? A glowing disk of steel? 
Or is it the flaming carriage of Apollo, the Greek god of light? 

If you ask a modern astronomer what the Sun is, he would 
probably answer that it is a gigantic ball of very hot gas. In- 
deed, its diameter is almost 1,400,000 kilometers—more than 
a hundred times the diameter of Earth. The entire Earth- 
Moon system could be put inside the Sun with lots of room 
left over. (The diameter of the Moon’s orbit around Earth is 
almost 800,000 kilometers.) 

But the inside of the Sun is not exactly the best place to 
move our Earth to. The terrible temperature of several million 
degrees would vaporize Earth much as boiling water melts an 
ice cube tossed into it. Each square meter of the Sun’s surface 
radiates 15 million calories of energy per second. It would take 
400 cars with their engines running full blast to produce en- 
ergy at such a rate. The total energy output of the Sun is about 
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7 billion billion times greater! In a single second, the Sun 
radiates more than enough energy to make all our oceans, 
lakes, and streams boil. 

Obviously, the Sun is the most important heavenly body 
to us. It keeps the planets, including Earth, in their orbits. 
Without its radiation life on Earth would die. (Where does our 
food come from? Remember photosynthesis from Chapter 12?) 
But to an astronomer, the Sun is also important for another 
reason: It is a star. While other stars are so far from us that 
they appear only as pinpoints of light even through the largest 
telescopes, the nearby Sun can be explored in detail. By learn- 
ing its properties and behavior, astronomers can make intel- 
ligent guesses about what other stars are like. 


WHAT IS THE SUN LIKE? 


To explore the Moon or the planets, we can go there or send 
scientific instruments to do the job. But can we go to the Sun? 
Wouldn’t we be vaporized by heat as we came near it? How, 
then, can we learn about the Sun? How do we know, for in- 
stance, that it is a ball of gas and not a superhot disk of steel? 
How can we figure out its distance, size, and temperature? 
Do we know where the Sun gets its energy? Will it shine for- 
ever, or will it eventually burn out, like a log in a fireplace? 
These are some of the questions we shall touch on in this 
chapter. j 


How far away is the Sun? You learned in the last 
chapter that the distance from Earth to the Sun (one astro- 
nomical unit) is about 150 million kilometers. How do we know 
this? 

How do you measure the distance to an object in the 
heavens? One way is to bounce radar waves off it. We know 
that radar waves travel at the speed of light (about 300,000 
kilometers per second). By measuring the time it takes for a 
radar wave to get there and for its echo to come back, we can 
figure out the distance to the object. (Do you see how?) In 
recent years laser beams have been used to measure distance. 
The distance to the Moon, for example, has been measured 
very accurately by bouncing a laser beam off a shiny reflector 
that was placed on the Moon’s surface by Apollo astronauts. 

Can we measure the distance to the Sun by this echo 
method? The answer is no. It’s true that radar echoes from the 





Sun have been received. But the trouble is that the Sun is 
surrounded by a corona—a huge envelope of very hot gas 
(Figure 18.2). The radar echoes come from various regions in 
the corona rather than from the solar body itself. 

But astronomers have found a way to overcome this 
obstacle. They have observed that clear radar echoes are re- 
ceived from nearby planets and asteroids on their close ap- 
proaches to Earth—for example, from Venus and from the 
small brick-shaped asteroid Eros, which sometimes “grazes” 
Earth at the relatively close distance of 23 million kilometers. 
On such occasions, their distances can be measured with high 
accuracy. 

It may come as a surprise to you that this seemingly un- 
related fact can help astronomers measure the distance to the 
Sun. How can the measurement of the distance between Earth 
and another planet tell us anything about the distance be- 
tween Earth and the Sun? The answer lies in a rule discovered 
by the German astronomer Johannes Kepler almost four 
centuries ago that relates the period of a planet to its average 
distance from the Sun. The period of a planet is the time it 
takes that planet to go once around the Sun. It can be mea- 
sured easily. (The period of Earth is, of course, one year.) Let’s 
call the period of a planet P and its average distance from the 
Sun D. P is measured in years and D is measured in astronomi- 
cal units. The rule states that for every planet in the solar 
system 


P2 =D 


Figure 18.2 The Sun’s corona 
can be seen clearly in this photo- 
graph taken during a total solar 
eclipse. 
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In words, the rule says that the square of the period is always 
equal to the cube of the distance. That is, the number you get 
by multiplying the period by itself (P x P) is always equal to 
the number you get by multiplying the average distance 
three times (D x D x D). 

This rule was important historically because it enabled 
astronomers to make a scale model of the solar system. The 
model gives the distances in the solar system in astronomical 
units, but it does not give the distances in kilometers. How- 
ever, if any one distance (such as the distance between two 
planets) is measured in kilometers, it can be used to tell us all 
the other distances (such as the distances of the planets to the 
Sun) in kilometers. 

Let’s take Venus as an example. Its period is 0.615 year. 
Since 0.615 X 0.615 = 0.378, the cube of Venus’s distance must 
give the same value. The number that satisfies this require- 
ment best is 0.723. Therefore, the distance of Venus from the 
Sun is 0.723 astronomical units. You can check it out by mul- 
tiplying 0.723 x 0.723 x 0.723. Do it! 

Once we know the distance between Venus and the Sun 
in astronomical units, and once we have measured the actual 
Earth-to-Venus distance, it’s an easy job to figure out the 
actual Earth-to-Sun distance. You can do it yourself! Sur- 
prised? The following activity will show you how. 


EE 


activity 18.1 Determining the distance 
to the Sun 


Figure 18.3 shows Venus and Earth in their orbits. Notice that 
the faster-moving Venus has passed Earth and is now making 
an angle of 40° with the direction to the Sun. 

Draw a similar diagram on a larger scale. Since the orbits 
of Venus and Earth are almost circular, you can use a compass 
to draw them. For convenience, choose the radius of Earth’s 
orbit equal to 10 centimeters and that of Venus equal to 7.2 
centimeters. Then use a protractor to locate Venus 40° from the 
direction to the Sun. 

Measure carefully the distance in your diagram from Earth 
to Venus. Compare the Earth- Venus distance to the Earth- 
Sun distance, which we have drawn equal to 10 centimeters. 
Which of the two is longer? How many times? Now, if radar 
echoes tell us that Venus is 69 million kilometers from Earth 
at this instant, how far is Sun from Earth? How long, then, is 
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the astronomical unit? Do you see now how the distance to the 
Sun can be measured by clocking the roundtrip time of radio 
waves to Venus? 





If, dressed in a protective asbestos suit, you could drive 
to the Sun at 100 kilometers per hour, how old would you be 
by the time you reached your destination? How long does it 
take sunlight to make the 150 million kilometer journey to 
Earth? 


How big is the Sun? Did you know that the size of the 
Sun can be measured by using a flower box? Here’s how to do 
rhe 





activity 18.2. The Sun and the flower box 


Make a small circular hole at one end of-a flower box and re- 
place the other end with translucent paper, such as tracing 
paper (Figure 18.4). Then turn the box toward the Sun so as 
to get a circular image of the Sun on the translucent panel. You 
now have two long, thin triangles that are similar, or same in 
shape. Carefully measure the diameter of the image and the 
length of the box. The solar diameter can now be found from 
the two similar triangles: 


solar diameter (in km) = diameter of the image (in cm) 
150,000,000 km length of the box (in cm) 





Figure 18.3 Measuring the dis- 
tance to Venus by means of radar 
echoes allows us to also deter- 
mine the length of the astronom- 
ical unit. 





Multiplying both sides of the equation by 150,000,000 km, 
we get: 


diameter of the image 
length of the box x 150,000,00 km 





Solar diameter = 


If everything is done correctly, the result will be in the 
neighborhood of 1,400,000 kilometers. But don’t be disap- 
pointed if it isn’t. Your “astronomical equipment” was quite 
poor. 

How many times larger is the diameter of the Sun than that 
of Earth? If Earth were reduced to a marble 1 centimeter in 
diameter, how tall would the Sun be? In a scale model of the 
solar system, the marble and the giant ball would have to be 
placed almost 120 meters apart! 





activity 18.3 The necklace in the sky 


You can calculate the approximate size of the solar diameter 
in many ways. Let’s try one more way. 





IMAGE OF SUN 


Figure 18.4 The size of the Sun 
can be measured by using a 
flower box or a paper carton. A 
long box or carton will give you 
a more accurate measurement 
than a short one. 


Figure 18.5 If you put “Suns” 
next to one another across the 
sky, you can make a necklace 
with many beads. This drawing is 
not to scale. 
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As seen from Earth, the Sun covers an arc of slightly more 
than 34 degree. How many objects similar to the Sun could be 
placed in the sky next to each other, like beads in a necklace 
(Figure 18.5)? (Hint: There are two “Suns” per degree, and 360 
degrees in a full circle.) Remembering that the distance to the 
Sun is 150 million kilometers, figure out the length of the “neck- 
lace” in the sky. (The circumference of a circle is 2zr.) Can 
you now find the approximate diameter of one of the “‘beads,”’ 
the Sun? Does your result agree with the actual diameter of 
the Sun? Again, because the numbers we are using are rough, 
we should be satisfied if our result is close to being right. 





“Weighing” the Sun. People unfamiliar with scientific 
methods of investigation often have doubts about astronomi- 
cal measurements. “Who,” they ask, “has ever been on the 
Sun in order to measure its size and mass?” 

We just saw how the solar diameter can be figured out. 
“Weighing” the Sun is almost equally simple, although we will 
not do it here because it involves some mathematics that you 
have not had yet. Basically, it is a problem of determining the 
amount of gravitational force needed to keep a planet in an 
orbit. For example, to keep Earth in its orbit, the Sun must 
pull Earth away from a straightline path at a certain rate 
(ust as Earth, in order to keep the Moon in its orbit, must 
pull it away from a straightline path at a certain rate, as in 
Figure 16.5). Figuring backwards, the astronomer asks him- 
self: “How much force is needed to pull Earth away from a 
straight path at this rate? And how massive must the Sun be 
in order to produce this much gravitational force?” In this 
way it can be determined that the Sun’s mass is about 2 x 10%? 
kilograms (2 x 10?’ tons). This is a fantastic amount of matter. 
About 332,000 Earths could be made out of it. In fact, the Sun 
contains 99.85 percent of all the matter in the solar system. 
Out of the remaining 0.15 percent, all the rest of the solar 
system—the nine planets, their satellites, some 50,000 as- 
teroids, and many comets and meteorites—is made. So you see, 
Earth is pretty insignificant, isn’t it? 


How hot is the Sun? On a hot summer day, the Sun 
makes blacktop roads so hot and sticky that it is impossible 
to walk on them barefoot; and its radiation gathered even by 
a small lens can burn your skin painfully. 
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The Sun must be a powerful celestial furnace to do all 
this. But how hot is it? And how do astronomers find out its 
temperature? 

One of the clues to the Sun’s temperature is its color. 
You might have noticed from your own experience that the 
color of a hot, glowing body depends on its temperature. What 
happens to the color of a heating element of an electric range 
as the temperature increases? Soon after you push the switch, 
the heating element starts glowing with a dull red light that 
changes gradually into red, then orange. If the temperature 
were increased still further (and the element didn’t melt), it 
would turn yellow, then white, and eventually bluish-white. 
Thus, the temperature of a glowing body can be estimated 
from the color of its light. 

What is the color of the Sun? Is it white or perhaps red- 
dish, as suggested by the appearance of the rising or setting 
Sun? Not so. When watched from a distant point—from an- 
other star, for instance—the Sun would look yellow. Why? 

To understand this, keep in mind that sunlight is not a 
single, pure color. Instead, it is a mixture of all the colors you 
see in a rainbow—red, orange, yellow, green, blue, and violet. 
A rainbow in the sky is the most magnificent example of the 
separation of sunlight into its component colors. We can pro- 
duce the same effect by passing sunlight through a glass 
prism. The light will be spread out into a band of colors called 
a spectrum (Figure 18.10). All glowing bodies give off all the 
colors of the spectrum, but in differing amounts. As the tem- 
perature increases, the color that is emitted most strongly 
shifts from the red to the blue end of the spectrum. When we 
say the Sun is yellow, we really mean that, in the Sun’s 
spectrum, yellow is stronger than all the other colors. For 
this to occur, the temperature of the Sun's surface must be 
about 5600° C. Thus, the Sun’s color tells us the temperature 
at the Sun’s surface. 

But what about the solar interior? Is the temperature 
there higher, lower, or the same as at the surface? 

Since the Sun emits heat, its inside must be hotter than 
its surface. You know from your own experience that heat 
flows from regions of higher temperature to regions of lower 
temperature. What does it feel like to make a snowball with 
your bare hands, or when you accidently touch a red-hot heat- 
ing element? In which direction does heat flow in each case? 

How much hotter is the inside of the Sun than the surface? 
The Sun is a great ball of gas, and gases expand when they are 
heated. You can demonstrate this to yourself with a balloon. 
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If you fill a balloon and then hold it at a safe distance above 
a warm heating element, what happens to the size of the bal- 
loon? (And what would happen if you put it in a refrigerator?) 

The heat of the Sun tends to make the Sun expand, but 
there is something else working in the opposite direction: 
gravitation. Gravitational force tends to pull every part of the 
Sun toward the Sun’s center, making it smaller. We know 
that the Sun stays the same size, so we know that the forces 
tending to make the Sun bigger are in balance with the forces 
tending to make it smaller. The astronomer asks himself: 
“What must the temperature be inside the Sun in order for it 
to stay at this size—not so hot that it expands and not so cool 
that it shrinks?” The answer (which takes quite a lot of 
mathematics and physics) is that the Sun must be around 
15,000,000°C at its central region. The temperature drops 
rapidly with increasing distance from the center to a “mere” 
5600°C at the surface. Still pretty hot! 


The Sun’s surface. What is the surface of the Sun like? 
And how is it possible for a gaseous body to have a “surface” 
anyway? 

Of course the Sun has no surface in the common sense of 
the word. There is no definite boundary between the solar 
body and the thin gases surrounding it. But that part of the 
Sun from which we see most of its radiation is usually re- 
ferred to as the Sun’s surface. It is surrounded by the solar 
atmosphere. 


Caution Never look at the Sun with unprotected eyes, 
even when it’s close to the horizon and appears harm- 
less! A dark or smoke-covered glass used by some peo- 
ple during solar eclipses is very dangerous because it 
does not block out harmful infrared radiation. A better 
way is to look through several layers of a fully exposed 
black and white (but not color) film. The safest meth- 
od to watch the Sun, however, is to project its image 
through a telescope onto a screen. 


If a telescope is available, use it to project the image of 
the Sun onto a screen or a sheet of white paper. Does the solar 
surface appear to be perfectly clean? 

A look at an image of the Sun projected through a good 
telescope shows you right away that the Sun’s surface is 
covered with many elongated areas that look like grains of 
breakfast cereal. Known as granules (Figure 18.6), they come 
and go like bubbles on the surface of boiling water. Granules 





Figure 18.6 Many granules can 
be seen in this photograph of a 
small portion of the Sun’s surface. 
Each granule is hundreds of kilo- 
meters across. The entire sSur- 
face of the Sun is covered by 
granules. 





are believed to be huge columns of hot gases that rise from 
below the turbulent surface and then cool off quickly. Their 
lifetime seldom exceeds 10 minutes. 

Features of the solar surface on a much larger scale are 
the sunspots (Figure 18.7). Starting their lives as hardly 
noticeable dark areas, many of them fade away within a few 
hours or a day. Others manage to survive the baby stage and 
may become large enough to be seen without a telescope. If 
lucky, they sometimes reach the “old age” of several months. 

One of the largest sunspots on record reached 140,000 
kilometers in length and 100,000 kilometers in width. That’s 
an area of 14 billion square kilometers, or about 30 times the 
surface of Earth! 

Although the central part of a sunspot looks almost black 
against the glaring surface of the solar disk, it is actually 
brighter than an electric arc! Sunspots appear dark because 
they are about a thousand degrees cooler than the surrounding 
area. If moved to a sunspot, you would be blinded by its light, 
killed by the deadly ultraviolet radiation, and barbecued by 
its heat. 


Figure 18.7. The top photograph 
shows a very large sunspot 
group. A more detailed view of 
this sunspot group is shown in 
the bottom photograph. 
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The number of sunspots changes with time. While there 
are years when spots appear abundantly, at other times the 
solar disk is almost free of them. During the past century, 
the average length of a sunspot cycle (the interval between 
times of maximum sunspots) has been about 11 years, but ona 
number of occasions it has varied as much as 5 years either 
way of this value. 

Brilliant eruptions known as solar flares are often seen 
near sunspot groups. Forces causing them must be enormous. 
It is estimated that one single large flare may release more 
energy than 100 billion atomic bombs! During the outburst of 
an intense solar flare, a great deal of ultraviolet radiation is 
released. Traveling at the speed of light, it reaches Earth 
about eight minutes later. Luckily, most of the deadly rays 
are stopped by our atmosphere before they reach the surface 
of Earth. But they cause great disturbances in the ionosphere, 
which normally reflects radio waves back to Earth. These 
disturbances interfere with long-range radio reception. 


The Sun rotates, but how! Earth spins on its axis 
and so do the other planets and their satellites. But how about 
the Sun? Does it rotate? Or is it too big and dignified to move? 


And how could its rotation, if any, be detected? Figure 18.8 The top drawing 
shows the positions of an imagi- 
nary group of sunspots. The 
bottom drawing shows the posi- 
tions of the sunspots about a 
month later. 
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activity 18.4 Following sunspots 


Compare the positions of the sunspots shown in the two draw- 
ings in Figure 18.8. The sunspots move in the direction of the 
arrows. The bottom drawing shows the positions of the sun- 
spots about a month after the positions shown in the top S 
drawing. The sunspots have moved completely around the Sun. Ser EQUATOR 
But their relative positions have changed. Why? 

Would you say that the Sun rotates the way a solid body 
does, or would you say that different regions of the Sun rotate 
at different rates? Explain your answer. 
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Above the surface. If you have ever seen a total solar 
eclipse, you know what an awe-inspiring experience it 1s. 
Many solar features that are invisible under normal condi- 
tions display all their splendor during the brief periods of the 
totality. The solar atmosphere is one of them. 
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Made up of very thin gas, the atmosphere extends high 
above the Sun’s surface. The lower 3500 kilometers of the 
atmosphere is called the chromosphere. Thinner than the 
best vacuum you can obtain in your science laboratory, but 
much hotter than the solar surface itself, this part of the at- 
mosphere is in a constant turmoil. Above the chromosphere is 
the corona. When it appears at the moment the Sun’s becomes 
completely covered during a total solar eclipse, it makes even 
experienced astronomers breathless. Its fine streamers may 
extend more than a million kilometers above the Sun surface. 
Although only half as bright as the full Moon, it glows beau- 
tifully on the dark background of the sky with the black lunar 
disk at its center (Figure 18.2). 

In addition to revealing the corona, total solar eclipses 
sometimes also reveal another spectacular feature—the 
prominences. They are huge gas formations ejected from the 
Sun by violent forces (Figure 18.9). Several prominences are 
visible around the Sun’s disk in Figure 18.1. The great arches 
of gas burst from the solar surface and then, under the in- 
fluence of gravitation, fall back into the Sun. 


CiRHECIK VQUIR FACTS 


1. Can we measure the distance to the Sun by bouncing radar 
waves or laser beams off its surface? 


2. What is the mathematical relationship between the period 
of a planet and its distance from the Sun? 


3. Where is most of the matter of the solar system located? 


4. What color is the Sun? 


Figure 18.9 This famous, gigan- 
tic prominence occurred in 1946. 
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5. Which is hotter—the Sun’s surface or its interior? 
6. What is the safest way to observe the Sun? 


7. What solar features can be seen during totality? 


SPECTRA—FINGERPRINTS OF ELEMENTS 


All of us enjoy colors. The world would look dull if everything— 
the sky, lawns, flowers, dresses—suddenly became colorless. 
The sensation of color is actually caused by electromagnetic 
waves as they strike your eyes. Whether you see blue, green, 
or red depends on the length of these waves. 

Electromagnetic waves travel at the speed of light. Human 
eyes are able to detect electromagnetic waves with wave- 
lengths ranging from about 3900 angstroms (violet light) to 
about 7600 angstroms (dark red light). The other colors cor- 
respond to waves of intermediate length (Figure 18.10). But 
a great deal of solar radiation reaches us in waves either too 
short or too long to be detected visually. You cannot see ultra- 
violet light, X rays, radio waves, or infrared waves. Yet solar 
radiation contains all of them. To detect their presence, sensi- 
tive films or elaborate instruments, such as radio telescopes, 
are used. 


Spectroscopy. Some light sources radiate energy at all 
visible wavelengths; others emit only a select group of waves. 
This fact has enabled physicists to develop a powerful branch 
of science known as spectroscopy. 

The principal instrument used in light exploration is 
a spectroscope. Its main part consists of a triangular glass 
prism or a diffraction grating (a flat glass or plastic plate with 
thousands of parallel lines ruled on its surface). Both serve 
the same purpose—to separate light into its component colors. 

Want to make your own spectroscope? This is how to do it. 


5000 A 


4000 A 


6000 A 


Figure 18.10 Visible light is 
made up of electromagnetic 
waves. Different colors of light 
correspond to different wave- 
lengths. Ultraviolet rays, X rays, 
and gamma rays are also electro- 
magnetic waves, but their wave- 
lengths are shorter than those of 
visible light. They belong to the 
left of this picture. Infrared rays 
and radio waves have longer 
wavelengths than those of visible 
light and belong to the right of the 
picture. 


7000 A 
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activity 18.5 Using your own homemade 
spectroscope 


Get a cardboard or metal tube 15 to 25 centimeters long and 2 to 
5 centimeters in diameter. Tape a plastic diffraction grating on 
one end. Cover the other end with black opaque paper and cut 
a straight slit, about 1 millimeter wide, in it. Make the slit 
roughly parallel to the grating lines (Figure 18.11). Turn the 
slit end of your spectroscope toward various light sources and 
tell what you see. 


LIGHT 





Nw DIFFRACTION 
GRATING 


You can see that light emitted by an incandescent electric 
bulb or a red-hot paper clip gives spectra with all colors pre- 
sent. Such a spectrum is called a continuous spectrum. Con- 
tinuous spectra are also emitted by hot gases under high pres- 
sure. But do all light sources produce continuous spectra? 

Darken your laboratory room, place a screen with a narrow 
slit in the path of light (Figure 18.12), and use your spectroscope 


Wenn [| eee : 


BARRIER 
WITH 
SLIT 





or a glass prism to observe the spectrum of sodium gas. (You 
can obtain it by burning salt in the flame of a Bunsen burner.) 
If possible, also observe the spectra of a mercury lamp and a 
neon tube. What kind of spectra do you see? Are they con- 
tinuous? Are they alike? 





Figure 18.11 You can make a 
simple but useful spectroscope 
like this quite easily. 


Figure 18.12 Look at various 
different sources of light with a 
setup like this. 
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Figure 18.13 The spectrum at the top of this picture is produced by lithium. The spectra below it are 
produced by the gases neon, helium, sodium, and hydrogen (in that order). The yellow line of sodium shown 
here actually consists of two lines close together. 


The conclusion is that luminous gases under normal or 
low pressure radiate light only in a few wavelengths. When 
you send the light through a spectroscope or diffraction grat- 
ing, you do not get a continuous band of colors. Instead, you get 
separate colored lines on a dark background (Figure 18.13). All 
you can clearly see in a spectrum of a sodium gas, for instance, 
are two yellow lines. A glowing mercury gas produces a dif- 
ferent set of lines, and so do other elements in a gaseous State. 
In fact, each chemical element has its own pattern of colored 
lines, a pattern shared by no other element. 


Figure 18.14 If light that normally produces a continuous spectrum is allowed to pass through a relatively 
cool gas, the gas absorbs from it those wavelengths that it would emit if it were hot. The two dark lines here 
represent the wavelengths absorbed by sodium. 
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Spectra such as these, produced by glowing gases of 
chemical elements, are referred to as bright-line spectra 
or emission spectra. They can be likened to fingerprints of 
the various elements. By examining the spectral lines, an 
astronomer can tell the chemical composition of the light 
source even though he cannot actually go to the light source. 

The story becomes even more intriguing when light that 
normally produces a continuous spectrum is allowed to pass 
through a relatively cool gas. What kind of spectrum do you 
think the light would yield? A continuous spectrum? An 
emission spectrum? Neither one. The pretty band of rainbow 
colors is now interrupted by a number of dark lines. The dark 
lines appear at places normally occupied by the bright emis- 
sion lines of the intervening gas. Apparently. the intervening 
gas has absorbed those wavelengths that it itself emits when 
serving as a source of light. Known as dark-line spectra or 
absorption spectra, the row of dark lines tells us of gases 
encountered by light on its way to the spectroscope (Figure 
18.14). 

The chemical composition of solid celestial bodies cannot 
be determined spectroscopically. Gases, however, are eager 
to disclose their secrets. If hot enough to radiate light, they 
make their presence and composition known by means of 
emission lines; when cool, they send messages by imprinting 
dark lines in the spectra of light passing through them. Al- 
ways ready to cooperate, gases are a major source of astronom- 
ical information. 


The message of dark lines. What stuff is the Sun 
made of? Is it a mixture of known chemical elements, or does 
it consist of elements not found on Earth? Previously you 
would have been puzzled by such questions, but not anymore. 
You have learned some spectroscopy, and it is going to-help 
you. 

Since the Sun is composed of highly compressed gases, 
its light contains all the wavelengths of the visible spectrum. 
But as light leaves the Sun, thousands of its wavelengths are 
absorbed by the gases of the solar atmosphere. By the time sun- 
light emerges from the chromosphere, it is not the same 
perfect light that left the solar surface just a split second 
earlier. Thousands of wavelengths are missing in it. When a 
spectroscope separates sunlight into its component colors, 
many dark lines appear in the spectrum (Figure 18.15). These 
dark absorption lines reveal the chemical composition of the 
solar atmosphere. 


Figure 18.15 These strips of 
film show part of the spectrum of 
the Sun. The many dark lines in it 
can be clearly seen. 
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To see how astronomers do their snoopy detective job, 
look at Figure 18.16. The light-colored band is a segment of 
the solar spectrum, with many dark lines. These lines are the 
“fingerprints” of the chemical elements in the solar atmo- 
sphere. They are the ones that carry the message. But how can 
astronomers tell which line belongs to which element? Don’t 
they get lost in all these lines? Not quite. To find their way 
about, they use spectra of separate elements. For example, 
located alongside the solar spectrum in our photograph is the 
emission spectrum of iron vapor obtained in a laboratory. 
Iron’s bright lines are clearly visible on the background. Com- 
pare the positions of lines in the two spectra. Can you find 
dark absorption lines opposite the bright emission lines of 
iron? If so, which element do you think has produced the dark 
lines? What conclusion can you make? 

In this manner, many elements have been detected on 
the Sun. It is estimated that 96 to 99 percent of the Sun con- 
sists of hydrogen and helium, with hydrogen being by far the 
predominant element. The rest of the solar body is made up 
of sprinkles of other elements, such as oxygen, nitrogen, 
carbon, and neon. 

But isn’t there a possibility that the Sun contains elements 
unknown on Earth? From what we know today, the answer 
seems to be no. About a century ago, however, astronomers 
believed they had found one. During a total solar eclipse in 
1868, they noticed a brilliant yellow line in the spectrum of 
the corona related to none of the already known elements. 
There was no doubt that signs of a hitherto unknown gas had 
been detected. The new element was named helium, after the 
Greek word for the Sun, helios. But 26 years later, an un- 
familiar gas was discovered on Earth. When examined, it 
turned out to be the same helium astronomers had already 
found on the Sun, 150 million kilometers away and a quarter 
of a century earlier! 


CHB CreangOlw RIgANC is 


1. What are some kinds of electromagnetic radiation that the 
eye cannot see? 


2. How is a bright-line spectrum produced? 
3. How is a dark-line spectrum produced? 


4. What kind of information can we get from dark-line 
spectra? 
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Figure 18.16 To find out which 
dark lines in the solar spectrum 
are the lines of iron, match it up 
with an emission spectrum of iron 
obtained in the laboratory. 
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THE LITTLE EQUATION THAT MADE 
HISTORY 


We said earlier in this chapter that the Sun radiates in a 
single second more than enough energy to make all our oceans, 
lakes, and streams boil. Where does the Sun get its energy to 
shine at such an extravagant rate for billions of years? For 
centuries, no one could answer this question. 


Einstein’s equation. The answer began to take shape in 
the early 20th century, when Albert Einstein (Figure 18.17) 
came forth with a startling idea: Matter, he said, is nothing 
absolute; it is just a special state of energy! Einstein expressed 
the relationship between energy, E, and matter, m, by means 
of a simple little equation: 


B=me 


In this equation, c stands for the speed of light measured in 
centimeters per second (c = 3 X 10!° cm/sec); energy is mea- 
sured in a unit called erg; and mass is measured in grams. 

Who would have guessed that three such different things 
as energy, matter, and the speed of light are so closely tied! 
But the innocent-looking little equation tells us something 
else; it shows what huge amounts of energy are stored in mat- 
ter. If in some magical way a gram of rock, ice cream, or 
hamburger could be made to vanish as matter, energy would 
emerge instead. How much? Einstein’s formula yields the 
answer: 


E=mc 
= 1x (3 x 10") ergs 
=3 xX 10” x 3 x 10’ ergs 
= 9 x 10” ergs 


Nine with twenty zeros is an impressive number, but how 
much of energy does it actually represent? The erg is a small 
unit; it is about equal to the energy carried by a slow-flying 
mosquito. When a mosquito lands on your forehead you may 
not even notice it unless the little robber decides to have a 
late evening meal. But the situation would turn more serious 
if 900,000,000,000,000,000,000 mosquitoes struck your fore- 
head simultaneously. The energy carried by this many flying 
beasts equals a day’s output by a small power plant. 


The solar power plant. Einstein’s equation suggested 
that the Sun might derive its energy from atomic reactions 
taking place deep in its hot interior. Astronomers knew al- 


18.17 Albert 





Einstein. 
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ready that the two most abundant elements in the Sun were 
hydrogen and helium. Couldn’t it be the transformation of 
hydrogen into helium that accounted for the energy genera- 
tion? The idea turned out to be correct, but the transformation 
process itself remained a mystery until later in the 20th cen- 
tury. The steps in the transformation are too complicated to 
describe here, but the net result is that four protons (hydrogen 
nuclei) are combined to form one nucleus of helium. But where 
does energy generation enter the picture? 

The mass of one proton is about 1.008 amu (atomic mass 
units). The mass of a helium nucleus is almost four times as 
great: 4.003 amu. To form one helium nucleus, four protons 
are needed. A somewhat simplified bookkeeping of the reaction 
goes like this: 





four protons being combined 4.032 amu 
the emerging helium nucleus 4.003 amu 
surplus mass 0.029 amu 


It is this surplus that is converted into energy and makes 
the Sun and its sister stars shine. 

The Sun and other stars have to pay dearly for their 
brilliancy. They do so at the expense of their mass. Since yes- 
terday, the Sun has used up 370 billion tons of its mass, and 
it is going to lose a similar amount of mass during every 24 
hours to come. But don’t panic! Sun’s hydrogen supply is so 
vast that it will be able to supply our planet at the present 
rate of energy for at least another 5 billion years. 


Creek yO. Rae A Cales 


1. What is the equation relating energy, mass, and the speed 
of light? 


2. How is energy generated in stars? 


APPLYING WHAT YOU HAVE LEARNED 


1. How do we know that the temperature inside the Sun must 
be higher than on its surface? 


2. Mention some features on the Sun that we cannot see on 
other stars. 


3. Each square centimeter on Earth, when placed at right 
angles to sunlight, receives 2 calories of energy per minute. 
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Imagine a huge ball, 1 astronomical unit in radius, drawn 
around the Sun (Figure 18.18). The total area of this ball is 
about 3 xX 10?’ square centimeters. What is the total amount 
of energy put out by the Sun in one minute? 


1 SQUARE CENTIMETER 
T= / RECEIVES 2 CALORIES 
“=X PER MINUTE 





4. How do astronomers know that the Sun is a ball of gas 
rather than a disk of glowing steel? 


5. What do X rays, infrared rays, visible light, and radio waves 
have in common? 


6. What can we learn about the Sun by examining its spec- 
trum? 


7. Describe steps you would follow to find out whether sodium 
vapor can be found in the solar atmosphere. 


8. Are nuclear reactions taking place in the interior of Earth? 
Explain your answer. 


9. The Sun is a mighty powerhouse, but can it move mountains 
on Earth? Explain your answer. 


Eye @ RDS 
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Figure 19.1 The Orion nebula, 377 
a glowing body of gas in the Orion 

constellation, is barely visible to 

the naked eye. 


chapter 19 
Other Stars 


Viewed in the night sky, the stars appear to us as tiny points of 
light. It is hard to believe, but each of these stars is similar in 
its basic nature to our own blazing Sun. The stars look so 
different only because they are so unimaginably far away. 

Of course even the brightest light source would appear 
faint if moved to a large enough distance. Even in ancient 
times, astronomers believed that the stars were much farther 
away than the Sun and the planets. But exactly how far? For 
centuries, one guess was as good as another. Only in the nine- 
teenth century did astronomers find a way to actually measure 
the distances to the stars. They found to their amazement that 
the nearest stars are tens of trillions of kilometers away! And 
most stars are at even greater distances; some are millions of 
times farther than the nearest stars. These results showed 
that the stars must indeed be mighty powerhouses like the 
Sun if they are to be seen at all from Earth. 



































Figure 19.2 The constellation 
Cygnus, or the Swan. 


GETTING ACQUAINTED WITH STARS 


In their variety, the stars are like the students in your class; 
you all have much in common, yet each of you is unique. All 
stars are great balls of hot gas held together by their own 
gravitation and they all radiate light and other kinds of 
energy. But they differ greatly in their sizes, densities, and the 
rate at which they give off light. Compared to this stellar 
variety, the Sun turns out to be an ordinary, run-of-the-mill 
star, neither especially large nor especially small. 

Light from the Sun reaches us in only about eight minutes, 
but light from the nearest star (remember which?) takes more 
than four years to make its trip through space. The stars are 
so far away that it makes sense to measure their distances in 
terms of the time it takes light to travel from them to us. Light 
is a good measuring stick because it always travels at the same 
speed: 300,000 kilometers per second. The distance light 
travels in one year is called a light-year; it is nearly ten tril- 
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lion kilometers. A typical stellar distance is many hundreds 
of light-years; light from such a star left the star hundreds of 
years before we see it. Light (along with all other electro- 
magnetic radiation) is the swiftest messenger in the universe; 
but if the message is from a star, we must wait quite a long 
time to receive it. 

Because of these long delays, you don’t see the stars as 
they are today. Can you even be sure they still exist? Could 
new stars have come into being without your knowing it, be- 
cause their light has not yet reached you? A view of the starry 
sky is like a collection of snapshots; the farther away a star is, 
the older its picture and the younger it looks. As you turn the 
pages of a photograph album, faces of your friends and rela- 
tives smile at you, but you know well that none of them look 
today the way you see them in the photographs. So it is with 
the stars. 


How far away are the stars? The first man to mea- 
sure the distance to a star was a German scientist named 
Friedrich Bessel. The star, lying in the contellation of the 
Swan (Figure 19.2), was named 61 Cygni. How exactly did 
Bessel figure out the distance to his “lucky star”? And why 
hadn’t astronomers been able to measure stellar distances 
before him? To answer the questions, let us first toy with a 
couple of simple observations. 

Stretch your arm and watch the direction to your thumb, 
shutting first one eye, then the other one (Figure 19.3). Do you 
see the thumb in the same direction both times? Or does it 
appear to “jump” with respect to background objects, such as a 
lamp, a marking on a blackboard, or a picture hanging from 
a wall? 





Figure 19.3 Viewed with one eye 


and then with the other, your 
thumb appears to change posi- 
tion. 
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Obviously, the direction to an object changes when viewed 
from different positions. One half of this change is called the 
parallax of the object you observe. 

Now move the thumb closer to your eyes and observe 
what happens to the parallax. Does it increase, decrease, or 
remain unchanged? You conclude that distant objects have 
smaller parallaxes than the closer ones. 

That was simple. But how about stars? Do they have 
parallaxes too? 

Watch a star alternately with one and then the other eye 
covered. You will not notice any change in its direction. But 
can we say that stars have no parallaxes? Or would it be more 
correct to say that stellar parallaxes are very small because 
stars are so far away from us? 

Fortunately, a star’s parallax does not depend on the dis- 
tance alone. Think of what would happen to it if the star were 
viewed from two widely separated points, such as the endpoints 
of the diameter of the Earth’s orbit, for instance. 

This is exactly what Bessel did when observing 61 Cygni. 
Instead of the short distance between his eyes, he chose a much 
longer distance—the diameter of Earth’s orbit (Figure 19.4). 
Bessel determined the direction to 61 Cygni from E,, then 
waited for six months till Earth brought him to the opposite 
point of the orbit, E,. From there, he repeated his measure- 
ments. The longer base line had paid off indeed: the new direc- 
tion to 61 Cygni turned out to be different from what it had 
been when watched from E,. From the tiny shift in the posi- 
tion of 61 Cygni, Bessel was able to compute its distance. 


Giants and dwarfs. Stars vary greatly in size. Consider 
Betelgeuse, for instance. It’s the first star (other than the Sun) 
whose diameter was measured. (The diameter was measured 
by a complicated method we won’t go into here.) The diameter 
of this reddish star is 580 times that of the Sun! (See Figure 
19.5.) No wonder astronomers call it a supergiant star. 

On clear winter nights, you can readily find Epsilon 
Aurigae, a medium-bright star, in the constellation Auriga 
the Charioteer. Its diameter of 4 billion kilometers exceeds the 
Sun’s 2700 times! Our entire planetary system except for the 
orbits of Neptune and Pluto could be comfortably placed with- 
in its giant body. 

It would be wrong, though, to conclude that all stars are 
larger than the Sun. Certain very small stars are called white 
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Figure 19.4 Bessel determined 
the direction of 61 Cygni from two 
opposite points on Earth's orbit, 
E, and E,. The difference in direc- 
tion is about 0.6 second. One half 
of the difference in direction of 
a star over six months is common- 
ly known as the parallax of the 
star. The parallax of 61 Cygni is 
therefore 0.3 second. 
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dwarfs. One, LP 768-500, is a good example. Having a diam- 
eter of about 1500 kilometers, it is smaller than the Moon. Yet 
it radiates its own light and is clearly visible in photographs 
of the night sky. 

Epsilon Aurigae and LP 768-500 are of course very un- 
usual stars. Most stars lie between these extremes of size. 
Stars also vary in their masses. While some stars are only one 
tenth as massive as the Sun, many giants and supergiants 
contain tens of solar masses. 

This brings us immediately to the densities of stars. Are 
supergiants denser than other stars? Again, let us consider 
Betelgeuse. True, it contains stuff enough to build 20 stars 
similar to the Sun. But then its volume is so large that 200 
million Suns could be easily packed into its giant body. Which 
of the two stars, do you think, is denser? How many times? 

The average density of Betelgeuse is roughly 1/10,000 
that of the air you breathe. Surprised? So were astronomers 
when they found out that the mighty supergiant was sort of a 
cosmic ghost made up of almost empty space. 

The story is different when it comes to white dwarfs. Can 
you imagine a material a thousand times as dense as steel? 


Figure 19.5 lf Betelgeuse were placed where the Sun is, the four 
inner planets would find themselves deep inside the hot interior of the 
supergiant star. 
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We have nothing like that on Earth. Yet that’s the density of 
many white dwarfs. LP 768-500 is even denser. Gases within 
its tiny body are compressed to such an extent that a single 
cubic centimeter of the material would weigh a hundred tons 
on Earth! 


The “countless” stars? If someone asked you, “How 
many stars are there in the sky?” what would you answer? 
Several hundred? A thousand? Countless millions? 

The number of naked-eye stars seen under good viewing 
conditions is smaller than many people believe—it’s roughly 
six thousand. Since, however, one half of them are below the 
horizon, only about 3000 naked-eye stars grace the sky on any 
clear moonless night. 





activity 19.1 How many stars can you see? 


Watch the night sky through binoculars. Can you see more 
stars than with unaided eyes? Do stars appear brighter? 
Bigger? 

Find a planet in the sky and observe it carefully. First with 
unaided eyes, then through binoculars. Does it look larger 
through binoculars? Are planets actually bigger than stars? 
Why do binoculars magnify planets but leave the images of 
stars unaltered? 

Select a small area in the sky bounded by three or four 
bright stars. How many naked-eye stars are there in the area? 
Count the number of stars you can see with binoculars. How 
many stars do you see this time? Repeat the observations with 
a small telescope if one is available. 





Once again we observe how limited our eyes are. They 
reveal only the brighter stars. Having a much greater light- 
gathering power, binoculars and telescopes detect many, 
many fainter stars. But a camera attached to a telescope is an 
even more sensitive device. When exposed to a star-rich re- 
gion for several hours, a single photographic plate may con- 
tain images of tens of thousands of stars. 

We shall learn later that the Sun is a member of a huge 
star island called the Milky Way system. Do you know how 
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many stars it contains? A hundred billion! Sounds incredible, 
doesn’t it? But look again at Figure 17.2, and remember that 
the photograph covers only a tiny area of the sky. Moreover, 
not all the stars appear on the picture. Many are too faint to 
leave their images on a photoplate, others are hidden by ex- 
tensive gas and dust clouds found in many parts of the Milky 
Way system. 


The name game. Where did the stars get their names? 
They don’t carry name tags on their surfaces, do they? 

The ancient stargazers divided the sky into a number of 
areas called the constellations. All stars within the arbi- 
trarily chosen boundaries of a constellation were said to be- 
long to it. Presently 88 constellations are recognized. 

Many constellations were named after characters or ob- 
jects in ancient mythology. One myth told of Helios, the Sun 
god, who entrusted his young son, Phaeton, to drive the Sun 
chariot across the sky. As the horses noticed that the reins 
were not held by the strong hands of the father, they started 
galloping. The path of the wild ride is still seen in the sky as 
the glowing Milky Way, which was formed by sparks struck 
by the horseshoes. The journey came to a tragic end. The char- 
iot left the road and plunged into the river Eridanus, where 
the little traveler drowned. Night fell early that day. 

When Phaeton’s best friend learned of what had happened, 
he soothed his grief by singing sorrowful songs. They were so 
moving that the gods turned the little singer into a swan and 
brought him up to the heavens. And there, as Cygnus the 
Swan, he continues singing the sad swan song (Figure 19.2). 
Eridanus, too, is a constellation. It winds its way from the 
celestial equator toward the south celestial pole. 

How do we distinguish between the individual stars of a 
constellation? Originally names such as Betelgeuse, Arcturus, 
or Sirius were assigned. But astronomers ran out of names 
before long. Besides, how would you like to memorize thou- 
sands of star names? A better solution was found in designat- 
ing stars by either Greek letters (a or alpha, 6 or beta, y or 
gamma, 6 or delta, e or epsilon, and so on) or numbers followed 
by a form of the constellation’s name. This is why stars have 
names such as q@ Orionis (alpha of the constellation Orion; it is 
also called Betelgeuse) or 61 Cygni (number 61 of the constella- 
tion Cygnus). Although the brightest star of each constella- 
tion is usually denoted by a, the next brightest by B, the next 
by y, and so on, there are many exceptions to this rule. 
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activity 19.2 Comparing brightnesses 
of stars 


On a clear moonless night, locate the Big Dipper constellation 
(Figure 19.7), also known as the Great Bear or Ursa Major. Also 
locate the constellations Leo the Lion and Gemini the Twins. 
Compare the brightness of « Ursae Majoris to that of 8 Ursae 
Majoris. Which of the two stars appears to be brighter? Do the 
same with a Leonis (Regulus) and 8 Leonis (Denebola). And 
which of the twins, Castor or Pollux, do you estimate to be 
brighter? Are alphas always brighter than betas? 


SS 


But how about the name of the white dwarf LP 768-500? 
Doesn’t it look more like a credit card number than a name? 
This star is in the constellation Cetus, and it could be named 
accordingly. However, astronomers have divided the sky into 
still smaller areas than the constellations. Instead of using 
names, astronomers denote them by numbers. It happens that 
LP 768-500 is the 500th star on the photographic plate taken 
at Palomar Observatory of the area 768 and that its true na- 
ture was revealed by Willem J. Luyten of the University of 
Minnesota. Does this information help you to understand the 
meaning of the symbols used in the star’s name? 


Traveling along with the Sun. Two centuries ago 
there lived a colorful English astronomer named Sir William 
Herschel. Born in Germany and a musician by profession, he 
went to England at an early age to become one of the “greats” 
in astronomy of his time. The discovery of the planet Uranus 
ranks among his most spectacular achievements. But his 
finding that the Sun moves through space was even more 
important astronomically. 

Comparing present positions of stars with their positions 
on star maps made in earlier centuries, Herschel noticed two 
unusual areas in the sky. Within one of them stars appeared 
to be drifting away from each other, while in the other one 
they seemed to be coming together. Moreover, the two areas 
were in exactly the opposite parts of the sky. We observe a 
similar phenomenon when we travel along a straight stretch 
of a highway. Remember how trees, telephone poles, and build- 
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ings on both sides of the road seem to drift away from each 
other as you approach them, and how the highway closes up 
behind you? It’s the perspective! Apparently, the Sun is moving 
through space. Like a swiftly gliding celestial vehicle, it dashes 
toward the apex, a point in the constellation Hercules, and 
rushes away from the antapex, south of Sirius, the brightest 
star in the night sky. As it does so, it carries you and me and 
the entire solar system along (Figure. 19.6). 





activity 19.3 Locating the apex 


Find the bright star Vega (a Lyrae) and the less bright star, 
a Herculis. Imagine the two stars joined by a straight line. The 
point on it ¥/s of the way from a Herculis to Vega is the approx- 
imate position of the apex. 





“Eternal” constellations—or are they? See if you 
can find an old astronomy book or a star chart published ten 
or 20 years ago. Compare the shapes of constellations then 
with their present appearance. Have they changed? 
Constellations look tonight exactly as they did a year ago, 
or even during the horse and buggy days. And we have every 
reason to believe that they will continue appearing the same 
way for many centuries to come. No wonder they are said to be 
“eternal.” Yet stars do move. Some cover only a few kilometers 
per second, others are faster, and still others cover a hundred 


Figure 19.6 Stars appear to be 
drifting away from the apex, the 
point toward which the Sun is 
moving. At the antapex, the op- 
posite point in the sky, the stars 
appear to be coming together. 





Figure 19.7 These drawings show the Big Dipper as seen by cave 
men 100,000 years ago (left), as it appears today (center), and as it 
will appear 100,000 years from now (right). 


kilometers in one single second. In fact, most stars dash many 
times faster than the fastest bullets. Why then do the shapes 
of constellations remain unchanging for centuries? 

Compare the speed of a nearby canoe with that of a speed- 
boat across the lake. Which of the two vehicles appears to be 
moving faster? And doesn’t a flying bumblebee in the back 
yard of your home describe a wider arc in a second than does a 
distant jet plane in the sky? Yet you wouldn’t bet that the 
bumblebee flies faster than the jet does, would you? What is it 
that makes the plane appear to be almost stationary despite 
its high speed? 

Stars are so far away from us that even the best present- 
day instruments cannot detect their displacements overnight. 
But astronomers are patient. As they compare photographs of 
the sky taken many years apart, many stars display small but 
measurable changes in their positions. The average annual 
displacement of all naked-eye stars is roughly 0.1” (one tenth 
of a second—much too small to be noticed with unaided eyes. 
But over a long period of time, the night sky changes consider- 





Figure 19.8 These two photo- 
graphs were taken 22 years a- 
part. In that time, Barnard’s star 
(indicated by the arrow) has 
moved 3.7 degrees. The other 
stars have not changed their 
relative positions noticeably. 
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ably. If a million years from now we were allowed to take an- 
other look at the heavens, we would find it hard to believe it’s 
the same sky we are enjoying now (Figure 19.7). 

The annual displacement record is held by the otherwise 
insignificant Barnard’s star (Figure 19.8). Invisible to an un- 
aided eye, this runaway star covers 10.3” annually. Although 
swiftly moving, it is far from being the fastest star in space. 
Why, then, is its annual displacement so high? Remember 
what was said about the bumblebee in your back yard and the 
distant jet plane. Less than six light-years from us, Barnard’s 
star is the fourth nearest star to the Sun. 





activity 19.4 How many degrees in a 
million years? 


We said that the average annual displacement of naked-eye 
stars is 0.1”. What is that equal to in degrees? (There are 60 
seconds in a minute and 60 minutes in a degree.) How many de- 
grees does an average naked-eye star cover in a million years? 
Do you think such a displacement would be noticeable to an 
unaided eye? 

How long does it take for Barnard’s star to cover an arc 
equal to the apparent diameter of the Moon (0.5°)? A year? Ten 
years? The answer may surprise you. Yet, if all the stars moved 
that fast, the night sky would change considerably during our 
lifetimes. 





Chi Chana@ lw RepaA Caps 


1. Do we see the stars as they are now, or as they were in the 
past? 


2. From what two points did Bessel measure the parallax of 
61 Cygni? 


3. Which kind of star is denser—supergiant or white dwarf? 
4. Is the alpha star of a constellation always the brightest? 
5. In what constellation is the apex located? 


6. What is the average annual displacement of naked-eye 
stars? 
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READING THE MESSAGE OF STARLIGHT 


Do changes in a star’s position in the sky tell the whole story 
about stellar motion? Try imagining a star that dashes like a 
bullet through space, yet does not shift its position in the sky. 

A star moving directly towards or away from us would 
behave this way. Such a motion is called radial motion. As- 
tronomers measure it in kilometers per second. (How is the 
annual displacement of a star measured?) 

As a rule, stars travel obliquely to our line of sight and 
thus take part in two motions simultaneously: they not only 
approach or recede (move away) from us, but at the same time 
change their positions in the sky. 

But how can we measure radial velocity, if it takes place 
along our line of sight? To understand the answer, let’s shift 
our attention back to a scene on Earth. 


Coming or going? Askthe spectrum. You are stand- 
ing at a railroad station. A train is approaching. The engineer 
sounds a warning whistle. At the very instant the engine 
passes you, the pitch of the whistle lowers markedly. What 
causes it? The noise of the train? A mechanical defect in the 
whistle? Or has it something to do with the motion of the 
engine? 


Da a a i ee 
activity 19.5 Swinging the tuning fork 


Set a high-pitched tuning fork into vibration and swing it rap- 
idly toward and away from your ear. Do you notice any varia- 
tion in the pitch? 

Mention two more instances where you have observed a 
similar phenomenon due to motion. 


| 


The sensation of sound is produced when sound waves in 
the atmosphere strike our eardrums. The number of waves 
our ears receive per second determines the pitch of the sound. 
The greater the number of waves, the higher the pitch. 

Imagine yourself listening to a tuning fork that vibrates 
30 times per second. If the distance between you and the tun- 
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ing fork remains constant, your ears receive 30 vibrations per 
second and you hear a certain pitch (Figure 19.9). But the 
story is different when the vibrating fork starts approaching 
you. The 30 waves are now squeezed into a shorter distance. 
You receive more than 30 vibrations per second and the pitch 
becomes higher. Just the opposite happens when the distance 
increases. The vibrations are now spread over a greater dis- 
tance, the waves become longer, and the pitch lowers. Would 
you expect the change to depend on how fast the source moves 
toward or away from you? Would a higher speed result in a 
greater change? Or would it be the other way around? 

More than a century ago, Christian Doppler of Austria 
explored the relation between the speed and pitch mathemat- 
ically. Since then, the phenomenon has become known as the 
Doppler effect. 

But what have engine whistles or tuning forks to do with 
radial velocities of stars? Stars do not emit sounds audible on 
Earth, do they? But stars radiate light. Like sound, light is a 
kind of wave or vibration. Just as the pitch of a sound depends 
on its wavelengths, the color of light is determined by the 
length of the light waves that enter our eyes. 

When light leaves the surface of a star, it contains all 
the wavelengths of the visible spectrum. But as it passes 
through the atmosphere of the star, it loses some wavelengths. 
The missing waves make their absence known by leaving 
dark lines in the star’s spectrum. 

This is not surprising. We encountered a similar phenom- 
enon when discussing the solar spectrum. But what makes it 
different this time is that the dark lines do not appear at their 
regular positions. In the spectra of some stars, they are dis- 
placed toward the red end of the spectrum. Astronomers call 
this a red shift. In other spectra the dark lines are displaced 
toward the violet end, where the shorter waves are found. 
What causes the shifting of the lines? To answer the question, 








Figure 19.9 In the top drawing, 
the distance between you and 
the tuning fork does not change 
and you hear a “normal” pitch. 
In the middie drawing, the tuning 
fork is approaching you and you 
hear a higher pitch. If the tuning 
fork is moving away from you 
(bottom drawing), you hear a 
lower pitch. 
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remember what happened to sound waves as the tuning fork 
was swung rapidly toward and away from your ear. Radial 
motions of stars affect light waves similarly. 

As a star recedes from Earth, it stretches its own light 
waves over a greater distance and thus makes them longer. 
When the altered waves pass through the spectroscope, these 
spectral lines shift toward the red end, where the longer waves 
belong. 

Whenever astronomers observe a red shift in a star’s 
spectrum, they know that the star is receding from Earth. 
The greater the shift, the higher the speed of recession. 

A similar reasoning explains why spectral lines of an 
approaching star undergo a “blue shift”’—a displacement 
toward the violet end of the spectrum. Again, the greater the 
radial velocity of the star, the greater the shift (Figure 19.10). 

Can you think of a star whose spectral lines display no 
shift at all? 


When one star is two. In 1650, an Italian astronomer 
named Riccioli was rambling through the night sky with his 
telescope. Suddenly his attention was caught by Mizar, the 
middle star in the handle of the Big Dipper. Mizar was not 
alone; there were two stars close to each other! Could the two 
stars be related—even revolving around each other? 

The problem was solved by William Herschel. Using pow- 
erful telescopes, he discovered more than 800 similar stars 
that are really two or more stars. He proved that these binary 
stars or multiple stars indeed move around one another in 
regular orbits. In some cases, we can actually see the stars 
criss-cross back and forth as they revolve around each other. 
In other cases, we must study their combined spectra. As 
voices in a darkened room tell us how many people are talking, 
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Figure 19.10 The _ bright-line 
spectrum at the top and bottom 
of this photograph is obtained in 
a laboratory and is used for 
reference. Compare the bright 
lines to the corresponding dark 
lines in the two spectra of the 
star Arcturus shown in the mid- 
dle. Notice that the two spectra 
show shifts in opposite direc- 
tions. One is a red shift and one 
is a blue shift. The blue shift oc- 
curs when Earth, in its orbit 
around the Sun, approaches 
Arcturus. The red shift occurs 
six months later, when Earth is 
drawing away from Arcturus. 
(The two spectra were obtained 
six months apart.) 
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the shiftings of the dark lines in the spectrum of a multiple 
star disclose how many individual stars are actually present. 

How long does it take for the partners of a binary star to 
revolve around each other? As long as thousands of years, or 
as short as an hour! It depends primarily on the distance be- 
tween the two stars. The greater the distance, the longer the 
time for one revolution. 

It is estimated that at least half of all stars are binary or 
multiple stars. We are lucky that the Sun is a lonely single 
star. How would it affect our lives if the Sun acquired a com- 
panion? 

Binary stars are among an astronomer’s best friends. 
They are talkative about secrets that single stars would have 
never revealed. Among other things, they tell how much 
matter their bodies contain and why some stars are more 
luminous than others. The size of the orbit and the period 
of revolution are mathematically related to the total mass of 
the two stars. As soon as the size of the orbit and the period of 
revolution are determined by observation, the combined mass 
of the binary can be calculated. 


Brightness—real and apparent. Anelectric bulb may 
blind you for a while when held close to your eyes, but place it a 
kilometer away, and it becomes hardly, if at all, visible. A 
similar property holds for stars as well. 

We have seen that a typical star emits roughly as much 
light as the Sun, but that the star looks so much fainter be- 
cause it is very far away. The real brightness of a star, or the 
amount of light it emits per second, is called the star’s lum- 
inosity. It is a property of the star itself and has nothing to do 
with how far the star is from us. The apparent brightness, 
or the amount of light we receive from a star per second, de- 
pends on both the star’s luminosity and our distance from the 
star. 

The more wood you add to a campfire, the more heat and 
light it produces. Do stars behave in a somewhat similar man- 
ner? Are the massive stars more luminous than the “skinny” 
ones? Questions of this kind crossed the minds of many as- 
tronomers a few decades ago. Sir Arthur S. Eddington, an 
Englishman, was one of them. 

Using physics and a great deal of mathematics, Eddington 
concluded theoretically that the more massive stars, indeed, 
must be more luminous. To verify his reasoning, he selected 
binaries for which the masses and luminosities of the part- 
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ners were known, then plotted them in a diagram similar to 
that shown in Figure 19.11. Observe that stellar masses are 
placed on the horizontal axis, the luminosities on the vertical 
axis. In both cases, the solar values are chosen as units: 
solar mass = 1, solar luminosity = 1. 





activity 19.6 The mass—luminosity 
relationship 


Find the least massive star in Figure 19.11. What fraction of the 
solar mass does it contain? How much mass is there in the most 
massive star of the diagram? 

Kstimate the luminosity of the least massive star in the 
diagram. Then find the most luminous star. How many times 
more luminous is it than the Sun? 

Find the Sun’s position in the diagram. How much mass 
does a star contain if its luminosity exceeds that of the Sun 10 
times? 100 times? 1,000,000 times? Estimate the mass of a star 
which is only 10 as luminous as the Sun. 
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Figure 19.11 As soon as a sStar’s luminosity is known, its mass can be 
found from this diagram. 


Are stars spread evenly across the entire diagram? Do you 
notice any regularity in their arrangements? Describe it. Can 
you deduce any relation between the mass of a star and its 
luminosity? Express it in words. Do your findings agree with 
Eddington’s conclusion? 

If stars were distributed evenly across the diagram, would 
you be justified in saying that the more massive stars are also 
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more luminous? Or would it be proper to say that most massive 
stars are the least luminous? What kind of a relation between 
stellar masses and luminosities could you deduce from such a 
diagram? 

Take another look at the diagram. Do all stars obey the 
mass-luminosity relation? Where are the “dissenters,” if any, 
located? How big are their masses and luminosities? Any idea 
of what kind of stars they might be? 





You just observed that stars form an orderly ascending 
band rather than a chaotic mishmash of points in the dia- 
gram. But several exceptions are known. 

Most of the stars that don’t obey the mass- luminosity 
relation are located in the lower left corner of the diagram. 
Can you guess what they are? All white dwarfs! But their be- 
havior is understandable. So different are white dwarfs from 
all other stars that their compliance with the mass-— luminosity 
relation would have been a sheer miracle. 

The mass-luminosity relation was developed using bin- 
aries. But how about single stars? Do they follow the same 
rules of the game? The answer appears to be yes. Stars of 
binary systems are not different from the single members of 
the stellar community. We can find all kinds of stars—normal, 
giants, supergiants, even white dwarfs—among both groups 
of stars. The brighter companion of Alpha Centauri, for in- 
stance, looks very much like a married twin sister of our own 
Sun, so similar the two stars are. It is estimated that roughly 
90 percent of all the stars honor the mass- luminosity rela- 
tion. Among the best known nonconformists are the already 
mentioned white dwarfs and a number of other stars under- 
going important changes in their stellar careers. 


Color— temperature— luminosity— mass. About a 
decade before Eddington suggested the mass- luminosity 
relation, two other astronomers—Ejnar Hertzsprung of Den- 
mark and H. N. Russell of the United States—had a different 
idea. Is there a relation, they wondered, between a star’s 
spectrum and its luminosity? 

It was known already in those days that stars have dif- 
ferent spectra. In some, helium lines are prominent; in others, 
hydrogen or metallic lines stand out. To speak intelligently 
about the various spectra, astronomers divided them into a 
number of spectral types. The most frequently encountered 
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types were denoted by the letters B, A, F, G, K, and M. The 
spectral types turned out to be closely associated with the 
colors of stars as well. B stars, for instance, are blue, G stars 
are yellow, and M stars are red. But colors, you remember, 
tell us the surface temperatures of stars. Stellar spectra, there- 
fore, can be likened to superthermometers that enable as- 
tronomers to measure temperatures over cosmic distances. 

This was known to Hertzsprung and Russell in the early 
1910s. But they suspected that stellar spectra may carry news 
about the luminosities of stars as well. To investigate the 
problem, they selected a number of stars whose spectral types 
and luminosities were known, then plotted them in a diagram 
similar to that in Figure 19.12. On the horizontal axis they 
placed the spectral types; the vertical axis was reserved for 
stellar luminosities. Again, the luminosity of the Sun was 
chosen for the unit (luminosity of the Sun = 1). 

The result was astonishing. About 90 percent of all the 
stars had arranged themselves neatly along a narrow band 
known as the main sequence. It stretches across the diagram 
from its upper left corner (high temperature and high lumi- 
nosity) down to the lower right corner (low temperature and 
low luminosity). The looked-for relation was established! Can 
you express it in words? 
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Figure 19.12 In this diagram of 
stars around us (called a Hertz- 
sprung-Russell diagram), each 
dot represents a star. 
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True, a number of stars can be found off the main se- 
quence. But they are exceptions. They are either developing 
stars that have not yet reached the main sequence where the 
stable stars belong, or else they are aging stars undergoing the 
last stages of their lives. 





activity 19.7 The Hertzsprung—Russell 
diagram 


Examine the main sequence. Which stars are the most lumi- 
nous? Which are the least luminous? 

Find the position of the Sun on the main sequence. What 
spectral type does it belong to? What are its color and surface 
temperature? Sirius, another main sequence member, is an A 
star. Where is its position on the main sequence? What color 
does it have? What surface temperature? How many times more 
luminous is it than the Sun? 

If a star is only nae as luminous as the Sun, what spectral 
type does it belong to? What is the star’s color? Its surface 
temperature? 

If you went for a long trip through space, what spectral 
type stars would you encounter most frequently? Which least 
frequently? Would you probably meet stars similar to the Sun? 
Justify your statements. 

Are there any M stars that do not belong to the main se- 
quence? Where are they located? Are they more or less lumi- 
nous than the M stars of the main sequence? How could you 
account for the luminosity difference? (Remember why a match 
radiates less light than a pile of burning wood.) Can you now 
explain why the G, K, and M stars from above the main se- 
quence are called giants? And those still higher in the diagram 
the supergiants? 

Turn now to B and A stars of the main sequence. Where 
else in the diagram do you find stars of the same spectral types? 
Are they as luminous as their blue and blue-white counterparts 
on the main sequence? How many of them would you need to 
get as much light as you receive from the Sun? How is it pos- 
sible for an immensely hot B or A star to have this low a lumi- 
nosity? What do we call these stars? 

Consider the blue main sequence stars, red supergiants, 
and the white dwarfs. Which of the three kinds of stars have the 
hottest surfaces, the highest luminosity, the greatest density? 





396 BEYOND EARTH 





We conclude that the nearby stars can be divided into 
three distinct groups. The overwhelming majority of them are 
on the main sequence. These are the stars we referred to 
earlier as the “normal” stars. The rest of the stellar com- 
munity is made up of nonconformists which violate the tem- 
perature-luminosity rule in one way or another. The upper 
right corner of the diagram is the playground of the largest 
stars known—giants and supergiants; the lower left corner is 
the basement quarters of the slowly dying white dwarfs. 

But the main sequence teaches us something else. In the 
preceding section we learned that stars with greater masses 
are more luminous. Where are the most luminous main- 
sequence stars located? What can be said about their masses? 
The blue B stars are among the “fattest” members of the se- 
quence, about ten times as massive as the Sun. As you descend 
the HR sloping main sequence, you meet cooler, less luminous, 
and less massive stars. At the very bottom of the sequence, you 
reach the land of midgets. Small and cool, the dull red M stars 
are among the “skinniest” members of the stellar population. 
They contain only one tenth of the mass the Sun does. 

Do you see now how the basic properties of a star are in- 
terrelated? It is the mass that determines the luminosity, the 
spectral type, the color, and the surface temperature of the 
star. You cannot take a ball of gas and say, “I want you to 
turn into a green star with red polka dots on your surface, 
temperature 100°C, luminosity unexcelled.” Nature does not 
build stars by our specifications. It has its own laws and stan- 
dards. We can recognize and sometimes use them, but we can- 
not alter them. 


Pulsating giants—lighthouses of the universe. In 
1784, John Goodricke of England came across a peculiar star. 
Within less than two days, it brightened to almost double its 
minimum light, then returned slowly to the regular bright- 
ness, only to start another identical cycle immediately. The 
fluctuation repeated itself without cessation. The name of the 
star was Delta Cephei, its period—5 days and 9 hours. 

What kind of an object is it? A binary having a dark com- 
panion that eclipses it periodically, or a blinking distant star 
trying to send us some kind of a message? Goodricke never 
unraveled the secret. But present-day spectroscopists tell us 
that Delta Cephei cannot be an eclipsing binary, as its light 
comes from a single source. Instead, they say, it is a pulsating 
giant that expands and contracts rhythmically. As it does so, 
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it changes its energy output. Today hundreds of similar stars 
have been recorded. 

Astronomers distinguish between several groups of pulsat- 
ing stars. Two of them—the RR Lyrae variables and the 
cepheids—have turned out to be invaluable in measuring 
distances to remote celestial objects, such as star clusters and 
galaxies. In fact, it was by means of pulsating variables that 
the existence of other galaxies was revealed. But more about 
that later. 

The RR Lyrae variables were named for RR Lyrae, a 
typical representative of this group. Blue-white giants about 
50 times more luminous than the Sun, they pulsate in periods 
ranging from 6 hours to one day. The remarkable thing about 
the RR Lyrae variables is that their luminosities are almost 
equal. True, some appear brighter and others fainter depend- 
ing on their distances from Earth, but the rate of their energy 
output varies little from star to star. In this respect, they can 
be likened to identical electric bulbs placed at various dis- 
tances from an observer. Knowing the star’s luminosity (which 
is 50 times greater than that of the Sun) and its brightness 
(which can be measured), the distance to the star can be found 
readily. But the real value of RR Lyrae variables goes far 
beyond that. 

We learned earlier that stars like togetherness. Many of 
them are members of binary or multiple systems. But once ina 
while, much larger congregations are encountered. Particu- 
larly impressive among them are the globular clusters (Figure 
19.13). Between 20,000 and 300,000 light-years from Earth, 
they rank among the most remote members of the Milky Way 
system. Do you know how their distances were measured? By 
means of RR Lyrae variables! Globular clusters contain nu- 





Figure 19.13 This globular clus- 
ter is estimated to contain 
500,000 stars. A dazzling view 
would appear before your eyes 
if you watched the sky from the 
center of this cluster. Probably 
as many as 100,000 stars could 
be seen, some shining as brightly 
as the full Moon in our sky. 


398 BEYOND EARTH 





merous stars of this kind. As soon as the distance to one of them 
is fixed, the approximate distance to the cluster itself is known. 

But cepheids are even more valuable in charting the uni- 
verse. (Their name is derived from Delta Cephei, the first star 
of this kind discovered.) A thousand to ten thousand times as 
luminous as the Sun, these yellow supergiants can be seen 
millions of light-years away. Their pulsation periods range 
from one day to several weeks, but in most cases they are in 
the neighborhood of 5 or 6 days. 

Can cepheids, like RR Lyrae variables, be used in dis- 
tance measuring? At first the answer seems to be no. Unlike 
RR Lyrae variables, whose luminosities are equal, cepheids 
display a wide range in their energy output. But the situation 
changed when Harlow Shapley, an American astronomer, dis- 
covered that periods and luminosities of cepheids are closely 
related: the longer the period, the greater the luminosity! 
Moreover, he derived a diagram that enables astronomers to 
find the luminosity of a cepheid as soon as its period of pulsa- 
tion is known. A star’s luminosity and brightness is all we 
need to figure out its distance. 

Cepheids are among the most luminous stars in the uni- 
verse. They cast their light through almost unbelievable dis- 
tances. A number of them have been identified even in other 
galaxies, far beyond the confines of our Milky Way system. 
They can be likened to remote lighthouses in space. By figuring 
out their distances, astronomers learn a good deal about the 
structure of the universe and our own position in it. 


ClInECK YOUR FACTS 
1. What determines the pitch of sound? 


2. What happens to the pitch when a sound source approaches 
you? 


3. How can we tell from the spectrum of a star whether the 
star is approaching us or receding from us? 


4. About what percentage of all stars is estimated to be binary 
stars or multiple stars? 


5. What is the relationship between the mass and the lumi- 
nosity of a star? 


6. In what part of the Hertzsprung- Russell diagram are most 
stars located? 


7. What are RR Lyrae variables used for in astronomy? 
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NOVAS AND OTHER UNUSUAL OBJECTS 


When a star blows its top. In 134 B.c., a bright star 
appeared in the constellation Scorpion, reached quickly a 
maximum brightness, then faded away, to eventually disap- 
pear from view. It has never returned since. 

The unusual celestial show was watched by many people 
including Hipparchus, a prominent astronomer of the time. He 
described it later as a new star, “different from all others 
previously seen, one born during my own age.” 

The great Greek was wrong this time; the brilliant object 
was not born during his life. Too faint to be seen with a naked 
eye, the star had been in the sky long before the outburst took 
place. Stars that suddenly increase many times in brightness 
are called novas. 

About 50 novas are estimated to appear in the Milky Way 
system annually, but seldom do they get bright enough to be 
seen with an unaided eye. 

A star does not change basically during the nova stage. 
True, it ejects about a0 of its mass, but that, relatively speak- 
ing, is not much. Your body loses more than WON of its mass 
during one single class period, yet the loss does not alter you 
fundamentally. And so it is with novas. A nova eruption can 
be likened to a slight skin irritation that may be annoying for a 
while but leaves the body unaltered when the skin has healed. 

The cause of a nova outburst is not known. Recently 
astronomers have become intrigued by the fact that many, if 
not all, novas seem to be members of very close binary systems. 
There is a possibility, argue some astronomers, that the mu- 
tual gravitational forces raise so great a tide in the less dense 
partner that its gases start flowing into the nova star. When 
the latter has sucked in more mass than it can safely accom- 
modate, the star blows off its surface. This also could explain 
why some novas undergo irregular eruptions every few 
decades. 


Supernova explosions. Though spectacular, nova 
outbursts can be likened to innocent firecrackers when com- 
pared to supernova explosions. Stars undergoing this kind of 
a tragedy cease to exist as the celestial bodies they were be- 
fore. When the great show is over, all that remains of the once 
lively star is a dwarf of a fantastically high density sur- 
rounded by a rapidly expanding gas cloud called a nebula. 
Supernovas are the producers of the heavy elements. It is 
in their highly compressed and hot interiors that atoms of 





nickel, gold, platinum, and other heavy elements come into 
being. The gold pin on your dress or lapel was made of stuff 
that was born in supernovas long before Earth and the Sun 
appeared on the scene. Guess how these metals happened to 
be on Earth. 

Supernovas are rare. Only three supernovas have been 
observed with the naked eye in the Milky Way system during 
the past thousand years. About 200 have been spotted on 
photographs of other galaxies. Of course the actual number 
may be considerably greater, as large parts of the sky are 
hidden by extensive gas and dust clouds. 

During its peak luminosity, an average supernova out- 
shines the Sun about 100 million times, although some have 
been brighter than the entire galaxy to which they belong. 
Think of what would happen to us if the Sun turned into a 
supernova. Fortunately, it does not have enough material to 
do that kind of fireworks. The yellow and red supergiants and 
the luminous blue main-sequence stars are much more prob- 
able candidates for a supernova explosion. 

One of the most striking supernovas ever observed ap- 
peared in Andromeda Spiral back in 1885. When at maximum 
luminosity, this brilliant object released more light in one 
short day than our Sun does in a million years! 

One of the three supernovas seen in the Milky Way system 
in the past thousand years is closely associated with the rap- 
idly expanding Crab Nebula (Figure 19.14) in the constellation 
Taurus the Bull. The fact that the nebula’s diameter increases 


Figure 19.14 The rapidly ex- 
panding Crab nebula is believed 
to be the remains of the “guest 
star’ seen by Chinese stargazers 
in 1054. 
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more than 2700 kilometers every second (the distance from 
Minneapolis, Minnesota, to Miami, Florida!) suggests that the 
nebula might have come into existence in a supernova explo- 
sion. Knowing the size of the Crab and the rate of its expan- 
sion, we can estimate the time of the blast. Do you know when 
it happened? Nine centuries ago! But ancient Chinese records 
tell of a bright “guest star” in Taurus that visited their skies 
in the summer of 1054. Add the 900 years, and you get 1954! 
That’s pretty close to now, isn’t it? There seems to be no doubt 
that the Crab Nebula and the Chinese “guest star” are the 
same object, observed nine centuries apart. 

What happens to a star during a supernova explosion? 
Does part of it survive the blast? The answer is closely related 
to some of the most recent discoveries of our present-day 
astronomy—neutron stars, pulsars, and black holes. They are 
discussed in the next section. 


Neutron stars, pulsars, and black holes. Just be- 
fore a star several times more massive than the Sun exhausts 
all its energy supply, it collapses under its own weight. Gravi- 
tation crushes it into a volume that is tiny compared to its 
original size. When the matter within the star becomes 
squeezed so tight that the nuclei and electrons of the star’s 
matter begin to touch each other, the star stops shrinking. 
The compressed star, coiled like a gigantic spring, rebounds in 
a violent explosion—the supernova. Half the stellar matter is 
flung into space to become a rapidly expanding nebula. Within 
the remaining core, the electrons are crushed into the nuclei 
of their atoms. The remnant of the star is now a ball of electri- 
cally neutral particles called neutrons. For this reason it is 
called a neutron star. 

Neutron stars were first discovered by radio astronomy, 
the study of the radio waves emitted by stars. Radio astrono- 
mers came across points in the sky from which rapid bursts of 
radio energy were originating. The bursts, or pulses, were 
repeated with amazing regularity at intervals ranging from 
35 of a second to several seconds. Quickly named pulsars, the 
new radio sources were a real mystery. Some people even sug- 
gested that they were signals from little green men in a dis- 
tant planetary system! As it now turns out, the blinking 
pulsars are actually neutron stars rapidly spinning on their 
axes. The energy we receive from them appears to be coming 
from particularly active spots on their surfaces. As the stars 
rotate, energy “beacons” emitted by the spots sweep through 
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space much like the light of distant lighthouses. If Earth hap- 
pens to be in a beacon’s path, radio bursts and flickering light 
are observed (Figure 19.15). 

Astronomers have recently suspected that there are prob- 
ably even stranger things in the universe than neutron stars. 
Under special circumstances, a collapsing star zooms right 
past the neutron star stage and continues shrinking forever. 
When the former star reaches a diameter of about three kilo- 
meters, very strange things begin to happen. Gravitation be- 
comes so strong that even light cannot escape from the sur- 
face. The superdense collapsing object has turned into an 
invisible ghost. Astronomers call this strange ending of a star 
a black hole. 


CRIECK VYOUIR FACTS 
1. Were are heavy elements produced? 


2. How many supernovas have been observed in the solar 
system with the naked eye in the last thousand years? 


3. What happens to a star after a supernova explosion? 


THE BIRTH AND DEATH OF STARS 


Contrary to what most people think, the space between the 
stars is not empty. On the average, the interstellar space con- 
tains one atom per cubic centimeter. This is a very low density, 
much closer to being “nothing” than the best vacuum we can 
obtain on Earth. The matter between the stars is not dis- 
tributed uniformly; in some places it is clumped together to 
form great nebulas. Some nebulas reveal their presence by 
blocking out the stars that lie behind them; we see them as 


L 


Figure 19.15 This diagram 
shows one possible explanation 
of why we receive energy from 
pulsars in bursts rather than 
steadily. We receive a burst each 
time the energy beacon sweeps 
across us. 
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dark patches in rich star fields. Other nebulas reflect starlight, 
and still others emit their own light and thus appear as glow- 
ing bright regions in the sky (Figure 19.1). 

It is in these huge clouds of gas and dust that stars are 
born. The star begins to form when a clump of gas and dust 
develops within a nebula. Contracting under its own gravita- 
tional pull, the clump turns increasingly smaller in size, 
denser, and hotter. Eventually it begins glowing dull red. As 
the temperature continues rising, the emerging star becomes 
hot enough at its core to trigger nuclear reactions. Hydrogen 
—the most abundant element in stars—is now being converted 
to helium. For a while the star draws its energy from both 
contraction and nuclear reactions. But when it gets even hotter, 
the contraction stops. The nuclear powerplant is now the only 
supplier of energy. This marks the star’s arrival on the main 
sequence of normal stars. The carefree days of childhood are 
over; the star has entered the adult stage. 

How long do stars stay “normal,” that is, on the main 
sequence? The answer depends on the mass. You would guess 
that the larger the mass, the greater the energy supply, and 
the longer the lifetime of a star. It is true that the more mas- 
sive a star, the greater its supply of nuclear energy. But mas- 
sive stars are much more luminous, and they use up their 
energy at a much quicker rate than less massive stars. As a 
result, large blue and white stars have shorter lifetimes than 
small red stars. Take Sirius as an example. It has three times 
the mass of the Sun but is more than twenty times as lumin- 
ous. While the Sun will last for about ten billion years, reck- 
less Sirius will burn out in only one billion years. Who would 
have guessed that the adult life of massive Sirius will be so 
much shorter than the Sun’s life? Sirius will pay dearly for its 
extravagance. 

What happens to a star after it leaves the main sequence? 
Astronomers believe that the stellar core, depleted of hydro- 
gen, collapses under its own gravitational force. The tremen- 
dous heat brought about by the collapse triggers nuclear reac- 
tions outside the core. This makes the star expand—at first 
slowly, then faster and faster. The massive blue and white 
stars turn into supergiants, and probably undergo a spec- 
tacular supernova blast. Smaller stars, such as the Sun, be- 
come red giants before collapsing to tiny and incredibly dense 
white dwarfs. During the next twenty to thirty billion years, 
the white dwarfs turn into lightless chunks of matter bearing 
no resemblance to the glowing celestial powerhouses of the 
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main sequence. It is an amazing discovery of modern astron- 
omy that even the “eternal” stars go through the cycle of birth 
and death that is the rule on our own Earth. 


Chie Chey OURS ACES 


1. On the average, how many atoms are there in each cubic 
centimeter of interstellar space? 


2. Where are stars born? 


3. How long do stars remain on the main sequence? 


APPLYING WHAT YOU HAVE LEARNED 


1. Are all the stars ofa constellation the same distance from 
Earth? Will they stay together forever? 


2. Were stars of a constellation born simultaneously? Will 
they die together? 


3. Can a star switch from one constellation to another? 
4. Is the Sun a member of some constellation? 


5. Would the constellations look different from Mars than 
they do from Earth? Would they look different from the neigh- 
borhood of Betelgeuse? 


6. If two main-sequence stars—one blue, one red—are a 
bright, which of the two is farther from Earth? 


7. How can astronomers tell the difference between an eclips- 
ing binary and a pulsating variable? 


8. What is the difference between the Crab Nebula and the 
Great Nebula in Orion? 


9. Suppose a friend tells you how much he enjoys watching 
the countless stars from his back yard. You ask him if he hasa 
telescope. “No,” he replies, “but I have good eyes.” How large 
is the number he refers to as “countless”? 


10. Which constellation is RR Lyrae in? Are all the RR Lyrae 
variables in the constellation Lyra? 


11. Mention three properties of a star that can be determined 
by examining its spectrum. 


12. Do the light fluctuations of pulsating variables and pul- 
sars arise from the same cause? Explain your answer. 
bad 
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13. What is the difference between the luminosity and the 
brightness of a star? Can a red main-sequence star be very 
luminous? Can a blue main-sequence star be faint? 


14. In 1885, an exceptionally bright supernova appeared in 
Andromeda Spiral, which is 2 million light-years away. When 
did the explosion actually take place? 
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Figure 20.1 To take this photo- 407 
graph of galaxy M 33, which is 

2 million light-years away, an 

exposure time of 8% hours was 

needed! 


chapter 20 


Our Galaxy and 
Other Star Islands 


WHAT IS THE MILKY 
WAY SYSTEM LIKE? 


More than two centuries ago, Herschel realized that the Sun 
is a member of a large gathering of stars. But how big is this 
star system? What is it like? Has it the shape of a basketball? 
Or is it more like a pumpkin, a hamburger, a hot dog, or what? 


The Milky Way—what is it like? For a long time as- 
tronomers had no answers to these questions. But then they 
began to study that narrow, luminous band that arches across 
the sky—the Milky Way. 

What is the Milky Way? Photographs reveal that it is 
‘made up of nebulas and countless stars, most of them much 





Figure 20.2 This picture, made by putting several photographs to- 
gether, shows the Milky Way from Cassiopeia to Sagittarius. 


too far from us to be seen with an unaided eye. It’s like watch- 
ing a distant city at night. You may not see the individual 
street lamps or neon signs, yet the city and the sky around it 
glow with faint radiance. So does the Milky Way, illuminated 
by its huge number of stars (Figure 20.2). 

But stars surround Earth in all directions, don’t they? 
Why then isn’t the entire sky as bright as the Milky Way? 
What makes just a narrow luminous band arch through the 
constellations? 

Today we know that our home galaxy, or the Milky Way 
system, is a disklike “island” in space made up of stars, gas, 
and cosmic dust. Its shape resembles that of a fried egg with 
a slight bulge at the center (Figure 20.3). Imagine yourself 
watching the sky from the inside of such a system. Would stars 
appear to be evenly distributed in all directions, and would. 
the sky look uniformly bright? Perhaps more stars could be 
seen along the galactic plane—toward the rim of the big disk? 
Can you now explain why the Milky Way glows with a faint 
light? 


Figure 20.3 A cross section of our Milky Way system would look 
something like this diagram. 
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The galaxy in Figure 20.1 is similar to our own system. 
Known as M 33, it is two-fifths as big in diameter as the Milky 
Way system; it looks like a reduced model of our star island. 
A great concentration of stars is clearly visible at its central 
part. Long spiral “arms” emerging from and then coiling 
around the center are typical of all spiral galaxies. Figure 
20.4 shows an edge-on view of the spiral galaxy NGC 4565. 
Notice the dark belt running along its galactic plane. Any 
idea of what it might be? 

Almost 100,000 light-years in diameter, our galaxy is 
one of the larger star islands known. Its central part, located 
in the direction of Sagittarius, is hidden by such thick gas 
and dust clouds that it has never been observed directly. But 
infrared astronomy—a rapidly developing branch of space 
exploration—has been able to detect the invisible heat rays 
coming from the center. The heat rays tell us that the central 


Figure 20.4 The spiral galaxy 
NGC 4565 is seen edge-on. The 
Milky Way system would look 
similar to this if seen edge-on. 
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region of the galaxy is a flattened group of stars about 5000 
light-years across. Away from the nucleus extends a huge thin 
disk that contains the spiral arms with their many stars and 
nebulas and much interstellar matter. And all this is sur- 
rounded by a magnificent ball-shaped halo of globular star 
clusters and individual stars. 

Where is the Sun’s place in this vast community of 100 
billion stars? Far from enjoying the luminous central region 
of the Milky Way system, the Sun occupies an insignificant 
position in one of the spiral arms, about 30,000 light-years 
from the galactic center. It is from here that we are watching 
the never-ending cosmic show. 


Riding the cosmic merry-go-round. Has it ever oc- 
curred to you that you are riding a huge merry-go-round for 
which you have to pay no admission charge? The merry-go- 
round is the Milky Way system, our galaxy. Like a gigantic 
wheel, it turns majestically on its axis—day and night, cen- 
tury after century. More than 100 million years ago, when 
dinosaurs roamed over our planet and large parts of North 
America were covered by seas, the solar system was on the 
opposite side of the “wheel.” And we'll be there again in an- 
other hundred million years from now. Just be patient and 
wait! 

How do we know that the galaxy rotates? Imagine your- 
self riding a merry-go-round. As the big wheel turns, it brings 
you closer to some stationary objects, such as the flagpole in 
Figure 20.5, and carries you away from other objects, such as 
the tent. A similar effect can be observed in space. Spectra 
of two nearby galaxies—the Andromeda Spiral and the Large 
Magellanic Cloud—reveal that we are approaching Androm- 
eda and moving away from the Cloud. The situation is similar 
to the merry-go-round example, only in this case it is our own 
galaxy that spins on its axis. 

Of course Andromeda Spiral and the Large Magellanic 
Cloud are not stationary objects in space. They, too, move. 
After corrections for their motion are taken into account, the 
Sun’s speed through space turns out to be 270 kilometers per 
second! But even at this high a speed, the Sun needs more 
than 200 million years to travel once around the galactic cen- 
ter. Since its birth 5 billion years ago, the Sun has made 23 
turns by now, and we have a ticket for 23 more trips before 
the Sun turns into a red giant and roasts all life from the sur- 
face of Earth. 





The Sun is not alone in revolving around the galactic 
center. Its 100 billion sister stars do likewise. But they do not 
march with the same speed. Stars that are closer to the galac- 
tic center overtake and pass the Sun, while those farther away 
from the center fall behind the Sun. What conclusion can you 
make about the revolution of stars? Do they circle the galactic 
center in equal periods? Or does the period depend on the star’s 
distance from the center? If so, in what way? Where else did 
we encounter a similar property? 


Clee KGare@ ORS SANG ales 

1. What is the shape of the Milky Way system? 
2. What is the diameter of our galaxy? 

3. Where is the Sun located in our galaxy? 


4. How long does it take the Sun to travel once around the 
galactic center? 
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For centuries, stargazers had observed with unaided eyes faint 
patches in the sky. Because of their fuzzy appearance, the 
patches were called nebulas. (“Nebula” is Latin for “cloud.”) 
When telescopes were introduced, Galileo, Herschel, and oth- 
ers discovered many more similar objects. Some of them did 
turn out to be huge clouds of gas and dust and others were 
found to be distant clusters of stars. But then there were “neb- 
ulas” that did not display the characteristics of gases or star 


Figure 20.5 As the merry-go- 
round rotates, the rider is carried 
toward the flagpole and away 
from the tent. 





clusters. The two Magellanic Clouds in the southern hemi- 
sphere and the Andromeda Nebula (Figure 20.6) were typical 
representatives of this group. Readily visible to the naked 
eye, they had been noticed already by the Arabs of the 11th 
century. 

What is the nature of these objects? Do they belong to our 
own galaxy, or are they distant star islands outside the Milky 
Way system? For a long time, astronomers could not agree on 
the answer. 

The solution came in 1924. In that year the American 
astronomer Edwin Hubble examined photographs of Androm- 
eda Nebula and noticed that it contained a number of cepheids. 
But cepheids, you recall, are pulsating stars whose period en- 
ables astronomers to figure out their distances. His prelimi- 
nary estimate indicated that the cepheids—and therefore the 
Nebula itself—were 900,000 light-years from Earth. Today we 
know that the distance is much greater—2.2 million light- 
years at least. But the distance of even 900,000 light-years 
placed the Nebula far outside the Milky Way system. The 
innocent-looking little patch in the sky had turned out to be 
a distant star island! Our galaxy thus was not the only star 
system in space. Nor was it the largest one. Having a diam- 


Figure 20.6 The beautiful An- 
dromeda Nebula appears as a 
fuzzy spot to the naked eye. 
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eter.of 120,000 light-years, Andromeda Spiral (as the “Nebula” 
was now called) is bigger than the Milky Way system both in 
size and in the number of stars. 

Hubble’s discovery encouraged a search for other galaxies. 
Their number grew by leaps and bounds. In the 1930s, the 
number was believed to be around 30 million. By 1950 it had 
increased to 200 million. Today it is over a billion. Why do you 
think the estimated number of galaxies increases at such a 
rapid rate? 


Types of galaxies. Despite their great number, galaxies 
can be divided into three basic types—spiral galaxies, ellip- 
tical galaxies, and irregular galaxies. 

About a half of all the brighter galaxies in our part of 
space are normal spiral galaxies like the Milky Way system 
and Andromeda Spiral. The beautiful object NGC 1300 seen in 
Figure 20.7 is a typical example of barred spiral galaxies. 
Their arms develop from the ends of a “bar” that passes 
through the bright center. 

The two companion galaxies of Andromeda Spiral are 
elliptical galaxies. Do they display spiral structures? Have 
they arms? Are they uniformly bright and equally flattened? 

About 3 percent of the brighter galaxies are irregular. 
Chaotically arranged communities of stars, they display no 
orderly structure or shapes. The two Magellanic Clouds—our 
nearest star islands—are among them. Together with Androm- 
eda Spiral and M 33, they are the only objects outside the 
Milky Way system that can be seen with unaided eyes. Unfor- 
tunately, the Clouds are so far south that they can never be 
seen from the United States and Canada. But both are among 





Figure 20.7 The barred spiral 
galaxy NGC 1300. 
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the best known naked-eye celestial bodies in the skies of Aus- 
tralia and other countries of the southern hemisphere. 


CEC eae@ Oia aA Gai 


1. What did early astronomers call the faint, fuzzy patches 
in the sky? 


2. How did Edwin Hubble demonstrate that Andromeda “Neb- 
ula” was a galaxy? 


3. What are the three basic types of galaxies? 


GALAXIES ARE SOCIABLE 


Like stars, most galaxies prefer to spend their lives in togeth- 
erness. The two Magellanic Clouds, for instance, are a pair of 
closely related galaxies that accompany the much larger Milky 
Way system. At least a half, and possibly as much as three 
fourths, of all galaxies are members of double, triple, or mul- 
tiple systems. Once in a while, so many galaxies are crowded 
together that astronomers call them clusters of galaxies. 
Some clusters contain thousands of star islands. 


The Local Group. Are the two Magellanic Clouds the 
only star islands sharing their lives with our galaxy? To 
answer the question, let us do some detective work. 





activity 20.1 Do nearby galaxies form a 
cluster? 


Examine carefully Figure 20.8. Are galaxies distributed evenly 
throughout the diagram, or do they display a crowding tend- 
ency around some points? Name the central galaxies of clus- 
terings. 

How many galaxies are there within a radius of 1 million 
light-years from us? What are the names of the two closest 
galaxies? 

How many galaxies surround Andromeda Spiral? 

Do you notice any star islands outside the Milky Way sys- 
tem and Andromeda Spiral families of galaxies? Name them. 
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Figure 20.8 The nearby galaxies are plotted according to their dis- 
tance from the Milky Way system. These galaxies together make up 
the Local Group. 


The galaxies in Figure 20.8 make up a cluster of galaxies 
known as the Local Group. Three million light-years in 
length and 25 million light-years in width, it occupies a foot- 
ball-shaped part of space. Nineteen galaxies of the Local Group 
are presently recognized, but at least 6 more galaxies are 
being considered for the admission to the list. 


BEYOND EARTH 


Rich clusters and superclusters of galaxies. De- 
spite its membership of 19 galaxies, the Local Group is just 
a small cluster of galaxies. Astronomers are aware of clusters 
containing hundreds, even thousands of star islands. Some 
years ago a catalog of “rich” clusters—clusters having at least 
50 galaxies each—was compiled. Can you imagine how many 
clusters the catalog listed? Ten thousand! Such small families 
as our own Local Group were not even mentioned in it. 

A rich cluster of galaxies can be found in the constellation 
Corona Borealis (Figure 20.9). Covering an area the size of 
the Moon in the sky and located 700 million light-years from 
us, this cluster contains 400 readily recognizable galaxies. 
The actual membership number may be much higher. 

But even clusters of galaxies are not independent units of 
the universe. They themselves appear to be gathering into 


Figure 20.9 Many galaxies can be seen in this photograph of the 
central portion of the Corona Borealis cluster. 
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Figure 20.10 This supercluster in the constellation Hercules is made 
up of many smaller clusters of galaxies. 


still larger building blocks known as superclusters. The 
Local Group, together with the rich Virgo cluster and several 
smaller clusters of galaxies, form the Local Supercluster. Far 


beyond its boundaries, photographs reveal many other similar 
superunits. The great assemblage of galaxies in Hercules 
(Figure 20.10) is one of them. 
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Superclusters of galaxies do not thin out with an increas- 
ing distance from Earth. Space 3 billion light-years away 
looks similar to that around us. The vastness of the universe 
is overwhelming—and man is so hopelessly small. 


CHECK YOUR BACs 


1. Name some galaxies that are closely associated with our 
galaxy. 


2. Is the Local Group a big cluster? 


3. Do clusters form still larger units? 


THE STRANGE QUASARS 


We mentioned in Chapter 18 that celestial bodies emit energy 
in a wide range of wavelengths. While most of it reaches us 
as visible light, a good deal of it arrives in the form of invis- 
ible infrared, ultraviolet, and radio waves. 

Since 1931, when radio waves from outer space were first 
detected, astronomers have been studying radio waves from 
a variety of celestial bodies, such as the Sun, Jupiter, and 
certain nebulas and supernovas. For a long time, however, no 
radio waves were detected from a “normal” star—except, of 
course, the Sun. The radio emission of stars was believed to 
be too weak to be detected by present-day astronomical equip- - 
ment. No wonder, then, that astronomers were taken by sur- 
prise when, back in 1960, the first two starlike “radio stations” 
of the universe were discovered. By the time of writing this 
text, their number already exceeds two hundred. Known as 
quasi-stellar objects, or simply quasars, they opened one of 
the most controversial chapters in recent astronomy. Dozens 
of international astronomical conferences have dealt with the 
problem, yet the true nature of quasars still remains a mys- 
tery: 

What’s so unusual about quasars? If an average star such 
as the Sun can emit radio waves, why couldn’t other stars do 
the same? There are several reasons why quasars appear to 
be strange objects. In fact, it is possible that they may not be 
stars at all. 

First, the red shift of the spectra of quasars seems to in- 
dicate that quasars are receding from us at fantastic speeds. 
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The distance to quasar 3C48, for instance, increases at the 
rate of more than 100,000 km per second! 

Second, the high speeds of recession suggest that quasars 
must be very distant celestial bodies. Some of them appear to 
be dwelling far beyond the realm of the most remote galaxies 
known. To cast their light through such distances, quasars 
must radiate tens, if not hundreds of times more energy than 
does the entire Milky Way system with all its stars. We could, 
therefore, expect quasars to be mighty big celestial bodies. 
But they are not. In fact, some of them occupy a volume less 
than one-hundred-trillionth part of our own galaxy. As if this 
were not confusing enough, many quasars vary in both their 
light and radio output; 3C273 is an example. 

What are the mysterious objects? Are they supergigantic 
stars, collapsing galaxies, or parts of star islands ejected from 
their home galaxies? And how sure can we be that the high 
red shifts are caused by the recession rather than by some 
other phenomenon, such as an extremely high gravitational 
force of the quasars themselves? If so, aren’t quasars mem- 
bers of our own Milky Way system? 

These are but some of the thoughts that have crossed the 
minds of astronomers since the first two quasars were dis- 
covered. Which, if any, of them is correct, no one knows. The 
right answers seem to have escaped astronomers—for the time 
being, at least. 


Cree a OU Raa AC ies 


1. What are some astronomical bodies from which radio waves 
have been detected? 


2. What are some unusual properties of quasars? 


THE EXPANDING UNIVERSE 


Do you know of a single celestial body that stays motionless 
in space? Think of what would happen to the Moon if it sud- 
denly stopped revolving, or to planets if they decided to take 
it easy and slow down in their orbits, or to the Milky Way 
system if it ceased turning. 

Astronomers realized long ago that galaxies, too, must 
be moving, or else the universe would fall together. But all 
the efforts to observe their motions across the line of sight 
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Figure 20.11 Five galaxies are 
shown at left and their spectra 
have failed. Even your lifetime and mine would not be long are shown at right. 


enough to notice any changes in their positions. Can you guess 
why not? 

The story is different when it comes to motions along the 
line of sight. As in the case of stars, such motion can be mea- 
sured by means of the Doppler shift in the spectra of galaxies. 
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Examine the spectra of galaxies in Figure 20.11, for in- 
stance. There is not much to see in them except for two dark 
lines. Yet these lines tell us an interesting story. Labeled as 
the H and K lines, they are absorption lines produced by cal- 
cium in the galaxies. 

On the left in Figure 20.12 are photographs of galaxies 
located at increasingly greater distances—from 43 million 
light-years for a galaxy in the constellation Virgo (top photo- 
graph) to 1.96 billion light-years for a galaxy in the constella- 
tion Hydra (bottom photo). The spectrum of each galaxy is 
shown to its right. The horizontal arrow in each spectrum 
indicates how much the H and K lines are red-shifted; from the 
amount of the red shift, the speed of recession of that galaxy 
can be determined. These speeds are given under the spectra. 

A look at Figure 20.12 immediately brings out a very 
simple and very startling relationship between a galaxy’s 
distance and its speed of recession. The farther away the gal- 
axy, the faster it recedes from us! This relationship led astron- 
omers to one of the most important findings of 20th-century 
astronomy: The universe is expanding. 





activity 20.2. The expanding raisin-cake 
universe 


Why do the more distant galaxies move away faster? To under- 
stand this, let’s consider the behavior of raisins in an expanding 
raisin cake. Suppose that the raisin cake in Figure 20.12 ex- 
pands from the size at left to the size at right in an hour. As it 
expands, the raisins A, B, C, and D recede from one another. 
What can you say about the speeds with which the raisins 
recede from one another—from A, for instance? 


Figure 20.12 Galaxies in an expanding universe can be compared to 
raisins in an expanding raisin cake. 
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To answer this question, complete the following table and 
examine the results in the two last columns. 


Raine Original Distance from A Speed of recession 
distance from A an hour later from A 

B 1 unit 3 units 2 units per hour 

C 2 units ? units ? units per hour 

D 3 units ? units ? units per hour 


Do all the raisins recede from A at the same speed? Or do 
they behave like galaxies in the universe: The greater the dis- 
tance, the faster they recede? Do you see now why the more 
distant galaxies move away from us faster in an expanding 
universe? 


SSE SP SS SE I TE 


Continuous creation, or a big bang? What makes 
‘the universe expand? Astronomers wish they knew. Around the 
middle of this century, some astronomers suggested that the 
universe is still in creation. New matter, they said, is always 
being created. The process of creation goes on throughout 
the universe and it will never end. But as the newly emerging 
atoms exert a push upon their older neighbors, the universe 
expands, much as a balloon expands when more and more air 
is forced into it. It is for this reason, argue the proponents 
of the Continuous-Creation theory, that the older galaxies 
recede from us, while new star islands evolve from the recently 
born matter. Except for minor local variations, the overall 
picture of the universe remains unchanged throughout eter- 
nity, no matter where it is watched from. This is why the 
Continuous-Creation theory is sometimes called the Steady- 
State theory. 

How much matter do you think should be created to bring 
about the observed expansion? An atom per cubic centimeter 
daily? Perhaps a million atoms? Nothing of that order. The 
birth, on the average, of one single hydrogen atom in a cubic 
kilometer of space in four centuries would do the trick! 

The Continuous-Creation theory has a weak point; it vio- 
lates one of the basic principles of physics, namely that matter 
cannot be created from nothing. Yet it has appealed to many 
astronomers. The latest observations, however, appear to 
discredit the theory. Among them are signs indicating that 
the expansion of the universe is slowing down. If this is in- 
deed the case, then it contradicts the basic assumption of the 
theory that the universe remains unchanged forever. 
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According to another theory, the universe might have 
developed from a gigantic explosion that occurred some 10 
billion years ago. This is known as the Big Bang theory. Be- 
fore the big bang (the explosion), the entire matter of the uni- 
verse had contracted into a single body, perhaps as small as 
the size of the solar system. If you suspect that the density 
and the temperature of such a ball must have been fantasti- 
cally high, you are right. At the time of the explosion, each 
cubic centimeter of the compressed stuff forming the ball 
contained 80 million tons of mass, and its temperature was 
several billion degrees! 

When the great explosion took place, the ball burst in- 
to pieces like a gigantic Fourth of July firework. The glowing 
gases dispersed into space at enormous speeds. It is from this 
material that stars and galaxies evolved and that Earth with 
its streams, orchards, busy cities, and everything else came 
into existence. You may find it hard to imagine that your own 
lively and delicate body is made up of particles that once re- 
sided in the sweltering and immensely compressed interior 
of the original ball. 

Contrary to the Continuous-Creation theory, which pre- 
dicts a never-ending universe, the Big Bang theory draws a 
gloomy picture. As galaxies continue receding from one an- 
other, their light will grow fainter and space will become emp- 
tier. With no way of replenishing the used up hydrogen supply, 
stars will inevitably approach the ends of their lives. Dimming 
like theatre lights before a show, they will eventually leave 
the universe dark and lifeless. 

But the Big Bang theory is by no means the final word in 
predicting the future of the universe. If the expansion is really 
slowing down, as some astronomers believe it is, what would 
you expect to happen eventually? Will the universe continue 
growing infinitely big, or is the expansion bound to stop some 
day? And what will happen then? Only one outcome seems 
possible—the collapse of the universe due to its own gravita- 
tional force. At first hardly noticeable, the rate of shrinking 
will increase gradually. Eventually the collapsing universe 
will become so crowded that galaxies will ram into each other, 
stars will explode in blinding collisions, planetary systems 
will evaporate, and the universe itself will once again turn 
into a superhot and enormously dense ball. 

Will this mark the end? Nobody knows. Our present uni- 
verse, of course, will have ceased to exist. But it is tempting 
to assume that another Big Bang might bring another uni- 
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verse into being. If so, the cosmic show will probably repeat 
itself. Galaxies and stars will emerge, and life will ultimately 
evolve on some cosmic cinders. Stargazers of those far-away 
tomorrows will watch the receding galaxies and ask the same 
questions we are asking today: What is the universe like? Is 
it finite or infinite? Does it pulsate or just expand? Where did 
all this come from and what is its destiny? 

These are difficult questions to answer. Our knowledge 
about the birth and death of the universe is badly restricted. 
The brilliance of the creation had faded away long before Earth 
appeared on the scene, and the future of the universe is still a 
mystery. Confined to spend his little life between the two great 
unknowns—the beginning and the end—man traces eagerly 
the outlines of the universe wondering about his own place 
and mission in it. 


Glee CkeyiO UliRAEA Cis 


1. How do we measure a galaxy’s speed of motion along the 
line of sight? 


2. What is the relationship between a galaxy’s distance and 
its speed of recession? 


3. What are some differences between the Continuous- 
Creation theory and the Big Bang theory? 


APPLYING WHAT YOU HAVE LEARNED. 


1. Are there any objects outside the Milky Way system visible 
to the naked eye? Can they be seen from the United States? 


2. What makes us conclude that the Milky Way system does 
not have a ball-like shape? 


3. How are distances to nearby galaxies measured? Do you 
think the same method could be applied to galaxies billions 
of light-years from us? 


4. Quasars are among the most controversial celestial bodies 
discovered recently. List some of their properties. 


5. Astronomers believe that the universe expands. Would 
this mean that Earth, buildings, coins in your pocket, and 
even a rock on a lake shore grow bigger? 


6. Name a few kinds of celestial bodies that emit radio waves. 
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appendixes 


appendix 1 Powers of ten 


In science, it is often necessary to use very large and very small numbers. The area of Earth’s surface is 
361,000,000 square kilometers. A convenient shorthand for writing numbers like this one is to use powers 
of ten. For example, 





Number Equivalent Number Equivalent 
power of 10 power of 10 
1000 = 10° 0.1 = 5g 104 
100 = 102 0.01 a = 107 
10 = 10! 0.001 =, = 107 
1= 10° 0.0001 = ee =10+ 


The number 361,000,000 is the same as 3.61 times 100,000,000. Since this is 3.61 times LOS SOR 
10 x 10x 10 x 10 x 10 x 10 or 3.61 multiplied by 10 eight times, we write it as 3.61 x 10°. 


exponent 
coefficient ——> 3.61 x 108 a 
base 


The exponent tells how many times to multiply by 10, which is called the base. To convert a number from 
the usual long form to the standard form, move the decimal point to the left until you have a number 
between one and ten. The number of places that you moved the decimal point is the exponent, or power of 
ten. The coefficient is the number between one and ten used with the power of ten. In the example, the 
decimal point was moved eight places to the left, so the exponent is 8. The base is 10 since we are using 
the decimal number system. The coefficient is 3.61. 

If the original long number is less than one, it can be expressed as a number between one and ten 
divided by ten to some power. 

0.008 = 8 ee eo 
1000 1063 

That is, if you have to move the decimal point to the right to get a number between 1 and 10, the exponent 
has a negative sign. 
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appendix 2 Some prefixes used in naming metric units 




















Prefix Meaning Example 
giga OZ one gigameter = 10° meters 
Lop el ne CS De 
mega 106 one megameter = 10° meters 
kilo 103 one kilometer = 10? meters 
$e 
centi Ome one centimeter = 10 meters 
= meter 
milli 10-3 one millimeter = 10-3 meter 
= T07 meter 
t——_}----+>YS SS ——\*_ 
micro Ome one micrometer = 10-* meter 
= one micron (yp) 
nano 10>? one nanometer = 10~-° meter 
a GE te a Ei ro i a a | 





appendix 3 Conversion between metric and British units* 


*Metric units of measurement (such as the meter and the gram) are used in most scientific work through- 
out the world. British units (such as the foot and the pound) are used in the United States in engineering, 
in some scientific work, and in commerce. Britain, where British units originated, has switched to metric 
units. Canada and most other countries presently using British units plan to switch to metric units in the 
future. Values given in the tables below are, in most cases, approximate. The table for mass needs an 
explanation. The mass of a body is a quantity that does not change no matter where the body is located in 
the universe. The weight of a body is the force of gravitational attraction between that body and some 
other body. Your weight, for example, is the force of attraction between you and Earth. The force of attrac- 
tion between you and Earth (assuming vou are on Earth’s surface) is about six times stronger than the 
force of attraction between you and the Moon (assuming you are on the Moon’s surface). Thus, your weight 
on Earth is about six times your weight on the Moon. Your mass, however, remains the same. The gram 
(as well as related units such as the kilogram and milligram) is a metric unit of mass, and the pound is a 
British unit of weight. For the sake of convenience, they are often treated as the same kind of unit, even 
though they really are not. For example, the mass table below indicates one kilogram as being equal to 
2.2 pounds. Actually, the weight of a one-kilogram mass on Earth is 9.8 newtons. (The newton is the unit 
of force or weight in the metric system.) Thus, it would be more correct to say that 9.8 newtons = 2.2 
pounds, rather than that 1 kilogram = 2.2 pounds. 
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Metric to British British to metric 

— 

Length 

one centimeter (cm) = 0.394 inch one inch =O 4eCm 

one meter (m) = 39.4 inches one foot = 0.305 m 

one kilometer (km) = 0.621 mile one mile = 1.61 km 

Area 

one sq. centimeter (cm?) = 0.155 sq. inches one sq. inch = 6.45 cm? 

one sq. meter (m7?) = 10.8 sq. feet one sq. foot = 0.093 m? 

one sq. kilometer (km?) = 0.386 sq. mile one sq. mile = 2.59 km? 
ame 

one milliliter (ml), also called 

one cubic centimeter (cc) = 0.034 liquid ounces one liquid ounce = 29.6 ml 

one liter (1) = 1.06 liquid quart one liquid quart = 0.946 1 

2 =e ae] 

Mass 

one gram (g) = 0.035 ounce one ounce = 28.3 g 

one kilogram (kg) = 2.2 pounds one pound = 0.454 kg 

one metric ton = 1.1 short tons one short ton = 0.907 metric ton 
a 














appendix 4 Celsius and Fahrenheit scales 


The Celsius temperature scale, also called the centigrade scale, is used in most scientific work. In this 
scale, there are 100 degrees between the freezing point of water (0°C) and the boiling point of water 
(100°C). In the Fahrenheit scale (used for commerce in the United States but being dropped by most 
other English-speaking countries), the freezing point of water is —32°F and the boiling point of water is 
212°F. To change a Celsius value to its equivalent in Fahrenheit, use the formula F = 2 C+ 32. To 
change from Fahrenheit to Celsius, use the formula C = 2 (F-32). 


appendix 5 Crystal systems 


Hundreds of different crystal forms are found in nature, but all of them can be classified into six large 
groups called crystal systems. The different systems are determined by the relationships of imaginary 
axes that connect opposite corners or opposite faces and that intersect at a point. 

All minerals are crystalline—that is, each mineral has a definite internal arrangement of the ions. 
However, good crystals require space in which to grow: therefore crystals that have well-developed forms 
and are large enough to see without a magnifying glass are rare. 
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Crystal systems 
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at right angles) 
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length and horizon- 
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or shorter than the 
horizontals) 











Hexagonal 

(4 axes, 3 of equal 
length and horizon- 
tal and intersecting 
at angles of 60°, and 
a vertical axis that 
is longer or shorter 
than the horizontal 
axes) 
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Crystal systems 








Sample minerals 
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appendix 6 Mineral identification 


Chemical analysis and X-ray study are used in sophisticated mineral studies, but most of the common 
minerals can be identified by their easily observable physical properties. The most important properties 
are described below: 


Color. Color is the most obvious physical property of a mineral. For a few minerals, it is a good aid in 
identification. (For example, sulfur is yellow, galena is steely gray, and olivine is green.) However, the 
color of most minerals is variable, because small amounts of impurities can change the color. 


Streak. The “streak” of a mineral is the color of its powder. Rather than grind up some mineral each 
time, a quicker way to observe the streak is to scratch the mineral on an unglazed porcelain plate. The 
color of the powder is commonly different from the color of the mineral specimen. Streak is a good identi- 
fier for a few minerals, such as limonite (yellow to yellow-brown) and hematite (red to red-brown). 


Crystal form. A few minerals, such as calcite, quartz, garnet, fluorite, pyrite, and galena, are commonly 
found as well-formed crystals. The crystal form (see Appendix 5) is then of value in their identification. 
However, well-formed crystals of most minerals large enough to see are not common. 


Cleavage. The tendency of a mineral to break or “cleave” along parallel sets of flat, shiny surfaces 
called cleavage planes is an aid in identifying many minerals. Cleavage results from planes of weakness, 
due to weaker bonds, in the crystal structure. A mineral with cleavage breaks more readily along those 
planes than across those planes. Mica has one cleavage, orthoclase and plagioclase have two cleavages at 
right angles, amphibole has two cleavages at angles of about 60° and 120°, halite has three cleavages at 
right angles, and calcite has three cleavages not at right angles. Some minerals, such as quartz and 
olivine, have no cleavages. 


Hardness. Hardness is an easily measured property. The table below is the Mohs hardness scale. Any 
mineral on the scale will scratch one with a lower number. (When a mineral is scratched, ions are separat- 
ing from the crystal structure. If the bond holding the ions is weak, the mineral is soft. If they are strong, 
the mineral is hard.) Of course we rarely have this set of minerals in the field, so the relative hardness of 
some common “tools” is also given. 


Hardest 10 Diamond 
9 Corundum 


8 Topaz 
7 Quartz 
6 Orthoclase 
55 Glass 
5 Apatite 5 Nail or knife 
4 Fluorite 


3 Calcite 3 Copper penny 
Leas : 
25 Fingernail 

2 Gypsum 

Talc 


e 


Softest 


Luster. Luster is the appearance of a mineral in reflected light. “Metallic” and “nonmetallic” are the 
two types of luster. For example, pyrite is metallic. Quartz is nonmetallic, and its luster can further be 
described as “glassy.” Clay is “dull.” Common words are used to define the luster of a mineral—call it 
as you see it. 
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Specific gravity. In Activity 4.7 you determined the specific gravity of minerals by comparing their 
weights to the weight of an equal volume of water. The simplest way to determine this property, when 
great accuracy is not required, is to compare the weight or “heft” of samples of similar size. For example, 
a piece of galena is “heavy,” whereas a piece of quartz the same size is “light.” 


Other physical properties. Calcite “fizzes” or reacts with acid, magnetite is attracted to a magnet, 
halite tastes salty, and clay has an “earthy” odor. Some other properties are not included in this appendix 
because they are of use in the identification of only a few minerals. 

The following three mineral identification charts contain the common minerals, plus some others. 
Using them is simply a process of elimination. Note that Chart I includes minerals with metallic luster, 
Chart II includes dark-colored minerals with nonmetallic luster, and Chart III includes light-colored 
minerals with nonmetallic luster. Note that hardness and cleavage are determined next. Then the listed 
properties are used to make the final identification. 








Mineral identification charts 





I. Metallic luster 





Steel gray; shiny; marks paper and smudges fingers; hardness (H) = 1-2 Graphite 


C 
Shiny gray; very heavy; perfect cubic cleavage; lead-gray streak; H = ey Galena 
PbS 
Soft yellow color; becomes paler with increase in percentage of silver; very heavy; H = 25-3 
Gold 
Au 





Coppery-red on fresh surfaces; often greenish on old surfaces; heavy; H = 35 
Native copper 





Cu 
Deep brassy yellow; greenish-black streak; brittle; no cleavage; H = 4 Chalcopyrite 
CuFeS, 
Black; metallic to sub-metallic luster; magnetic; black streak; H = 6 Magnetite 
Fe,0, 
Steel-gray to black; reddish to reddish-brown streak; H = 5-65 Hematite 
Fe, 0, 

Pale brassy yellow; cubic crystals; greenish-black streak; H = 6-65 Pyrite 

FeS, 
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ge Nonmetallic luster (dark-colored) 



























































No cleavage 











Dark green or black; 2 directions of cleavage nearly at 90°; H = 5-6 Pyroxene 
80 Ca, Fe, Mg, Al, Si, O 
sg Dark green or black; splintery; 2 directions of cleavage at 60° and 120°; H = 5-6 
oO Amphibole 
Ca, Na, Fe, Mg, Al, Si, O 
a Red-brown to brownish black; often dull when altered; crosses (twinned crystals) 
8 common; H = 1-Ty Staurolite 
es Fe, Al, Si, O 
oO 
® Wine-red; curved fracture; often 12-sided crystals; parting (not cleavage) common; 
is) ® et 
op) a0 H=63-73 Garnet 
2 Ca, Mg, Fe, Mn, Al, Si, O 
s Commonly black or blue, but various colors; crystals have triangular cross section; good 
Ss crystals common; curved fracture; H = 1-15 Tourmaline 
Na, Ca, Fe, Bo, Al, Si, O 
Various colors; greasy to glassy luster; transparent to translucent; curved to uneven 
fracture; H = 7 Quartz 
SiO, 
Black to brown; 1 perfect cleavage; elastic; H = 25-3 Biotite 
H, K, Mg, Fe, Al, Si, O 
Various shades of green; 1 cleavage; nonelastic; H = 25-3 Chlorite 
a H, Mg, Fe, Al, Si, O 
o 
- g Yellow-brown to black; pale yellow streak; H = 35-4 Sphalerite 
a Ss) ZnS 
eb 
c Light to dark brown; glassy luster; 3 directions of cleavage, none at right angles; 
= H = 33-4 Siderite 
5 FeCO, 
n 
ane) 
° 
q 
las Steel gray to reddish brown; variable luster; reddish to reddish-brown streak; 


H = 2-63 (variable) Hematite 
Fe, O, 
Yellow-brown to dark brown; yellow to yellowish-brown streak; H = 13-5 (variable) 
Limonite 
Fe,O, -H,O 

















Il. Nonmetallic luster (light-colored) 
































Pink to white; 2 cleavages at 90°; glassy luster; H = 6 Orthoclase 
8 K, Al, Si, O 
g White, blue, gray; 2 cleavages; striations (fine parallel line due to twinning); 
0 'S H=6 Plagioclase 
< Na, Ca, Al, Si, O 
9 | =} 
8 r Various colors; greasy to glassy luster; transparent to translucent; curved to uneven 
ap ea fracture; H = 7 Quartz 
g SiO, 
iS Olive green; glassy luster; transparent to translucent; curved fracture; H = 7 
S Olivine 
Fe, Mg, Si, O 
awk 
Colorless to white; cubic cleavage; salty taste; H = os Halite 
NaCl 
Clear, white to yellow; 3 cleavages, none at right angles; fizzes in acid; H=3 Calcite 
CaCO, 
White to transparent; nonelastic; 1 cleavage; H = 2 Gypsum 
CaSO, - H,O 
White to green; soapy feel; pearly luster; H = 1 Talc 
H, Mg, Si, O 
o 
a Colorless to light gray; transparent; 1 perfect cleavage; elastic; H = 2-25 Muscovite 
2 H, K, Al, Si, O 
oO 
a 1S) White, purple or green of various shades; 4 cleavages; cubic crystals; H = 4 Fluorite 
8 | CaF, 
ety 
s Tan to white; pearly luster; fizzes in acid if powdered; H = 35-4 Dolomite 
s CaMg(CO,), 
2 Light to dark brown; glassy luster; 3 directions of cleavage, none at right angles; 
= H=35-4 Siderite 
s FeCO, 
White, colorless, other light shades; heavy; H = 3-35 Barite 
BaSO, 
Yellow of various shades; light weight; H = 14-25 Sulfur 
S 
fp 
cS White, brown, gray; earthy odor when damp; slippery feel; H = 9-25 Clay 
a (Kaolinite) 
2 H, Al, Si, O 
° 
4 Tan to buff; small round structures; H = 1-3 Bauxite 
Al,O,*H,O 
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appendix 7 Rock identification 


The most common rock types are briefly described here. There are many variations of each rock type, and 
there are many uncommon rock types, so you may not be able to identify every rock you find. All rocks 
are classified according to texture and composition. 


Igneous rocks 


Granite: Coarse grained, light colored (gray, pink, or red). You can usually identify in it clear, glassy 
quartz; pink or white feldspars with cleavage; and black biotite or amphibole. 


Gabbro: Coarse grained, dark colored (dark gray to black). Gray plagioclase usually is the dominant 
mineral; pyroxene, olivine, and magnetite, dark green to black, are also found. 


Rhyolite: Fine grained, light colored (light gray, pink, or red). Same minerals as in granite. Will 
scratch glass. May show “banding” due to flow of lava. 


Basalt: Fine grained, dark colored (dark gray to black). Same minerals as in gabbro. Will scratch glass. 
Commonly contains rounded gas cavities (called vesicles when empty and amygdules when filled with 
calcite, quartz, or other minerals). 


Sedimentary rocks 


It is not always easy to classify a sedimentary rock as a particular type, as there are often many grada- 
tions from one sedimentary rock type to another. (For example, conglomerate sandstone is classified as a 
sandstone, but it has some of the characteristics of conglomerates. As another example, sandy limestone 
is classified as a limestone, but it has some of the characteristics of a sandstone.) 


Conglomerate: Rounded pebbles (or larger particles) in a finer-grained material. Pebbles can be white 
“milky” quartz from quartz veins, but are usually made of other rocks, 


Sandstones: Sand-sized grains, rough to the touch. Will scratch glass, as the grains are often made up 
of quartz and feldspars. In quartz sandstone, all grains are made of glassy quartz. It is white to yellow, 
brown, or red if iron oxides are present. Arkose sandstone has pink or white feldspar grains (some 
chalky white due to partial change to clay). It is commonly light gray, brown, or red. Graywacke sand- 
stone may have grains of anything plus clay. It is commonly dark green to dark gray. 


Siltstone: Silt-sized grains. Rough to the touch but not as rough as sandstone. Any color. Will scratch 
glass, as its minerals are commonly the same as those in sandstone. 


Mudstone: Clay with silt grains. Will scratch glass with difficulty if at all. Blocky chunks. Commonly 
black, gray, green, or tan. 


Shale: Same as mudstone, but breaks into small flat chips. 


Limestone: Highly variable grain size. Fossils common. Won’t scratch glass. As it’s made of calcite, 
will fizz in dilute hydrochloric acid. Color varies from white to black due to impurities, but usually light. 


Chert: Finely crystalline siliceous rock, of organic or precipitated origin. Scratches glass easily. Can be 
almost any color, but white, gray, black, or reds are most common. Breaks with curved (conchoidal) 
fracture. 

Dolomite: Similar to limestone (generally formed from limestone), but buff-colored. Small irregular 
cavities and/or rough “pock-marked” surface common. Fossils rarer. Will fizz in acid only when scratched 
(the powder fizzes). 
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Metamorphic rocks 


Any rock can be slightly metamorphosed and yet retain most characteristics of the original rock. Only the 
rocks that are obviously metamorphic are included here. 


Gneiss: Coarse grained, light colored, with bands of darker minerals (biotite, amphiboles, or pyroxenes) 
or obvious parallel orientation of darker minerals. Commonly contains quartz, feldspars, micas, plus 
other minerals in small amounts. 


Schist: Generally mica-rich (black biotite, white muscovite, or green chlorite), but also contains quartz, 
feldspars, and other minerals. Large, parallel mica crystals common. 


Slate: Fine grained, breaks in flat pieces generally across bedding, which may be visible. Commonly 
green or black. Can be confused with shale but is harder. Has a slight “ring” to it if held by fingertips and 
struck with a nail. 


Quartzite: Resembles quartz sandstone but is very hard. Grains cannot be loosened. Very glassy, but 
original quartz sand grains generally visible. Any color. 


Marble: Even grained. Cleavage faces of calcite crystals easily visible. Commonly white, but can be 
gray, pink, or banded. Made of calcite or dolomite, will fizz in acid (with or without scratching). Will not 
scratch glass. 


appendix 8 Guide to common fossils 


All of the fossils shown are examples of invertebrate animals commonly preserved in sedimentary rocks. 
There are other, less common types. No microscopic fossils are shown. With the possible exception of some 
snails and clams, if you find any like those drawn, they lived in the sea. 


Corals 
(Paleozoic to Present) 


aisa solitary coral shell. 
One animal lived inside. 


b and ¢ are pieces of 
coral colonies. Each 
“room” was home for 
an individual. Some 
types (a and ec) had 
“room dividers” to help 
strengthen the shell and 
support the animal. 
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Bryozoa 
(Paleozoic to Present) 


These “houses” were the 
homes of many very 
small individuals. The 
openings to the “rooms” 
appear as tiny holes. 
Some look like branches 
of trees, others like 
conical hats. 


Brachiopods 
(Paleozoic to Present) 


These animals were 
very common on Pa- 
leozoic sea _ bottoms. 
Their shells are in two 
parts, each valve dif- 
ferent from the other. 
They can be confused 
with clams. If you split 
a brachiopod shell (in 
your mind, if it’s some- 
one else’s) through the 
valves, each half will 
be the same shape. 


Echinoderms 
(Paleozoic to Present) 


All of these animals 
have shells that show 
some kind of 5-part 
structure. a and b were 
common in the upper 
Paleozoic. They were 
often attached to the 
sea floor by a stem. The 
platelike pieces of their 
stems (ec and d) are 
commonly found. e is 
an unattached wander- 
ing type. Sand dollars, 
sea urchins, and starfish 
are common modern 
echinoderms. 
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Trilobites 
(Paleozoic only) 


Extinct for over 200 
million years, trilobites 
are the earliest common 
fossil. They are related 
to modern animals such 
as crabs and insects. 
Some were only a centi- 
meter long, while others 
were as long as this 
page. 


Cephalopods 
(Paleozoic to Present) 


These shells were lived 
in by animals related to 
octopuses and _ squids. 
Shelled ones are rare in 
todays oceans. The 
shells can be coiled or 
straight. The coiled 
ones could be confused 
with some snails, but 
the cephalopod shell is 
divided into separate 
rooms inside. The an- 
imal lived in the last 
room, and those behind 
were filled with air after 
he outgrew each one. On 
some Mesozoic shells 
very irregular lines 
(a) can be seen if the 
thin outer layer is 
sanded off. Other forms 
have straight lines (b). 
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Snails (Gastropods) 
(Paléozoic to Present) 


Snail shells are com- 
monly collected by peo- 
ple who live near the 
seashore. As the animal 
grows, more shell is 
added alongside’ the 
opening. The open living 
area spirals all the way 
back to the top where HALF-SIZE 
the baby snail began 

making its shell. 





Clams and snails 
(Pelecypods) 
(Paleozoic to Present) 








PLANE BETWEEN VALUES 
These shells have two DIVIDING CLAM INTO TWO 


parts. The two valves of a ae La SUNpeniiee 

ner fae ere ON DRAWING OF BRACHIOPOD. 
between the valves, each 
valve will be nearly the 
same shape. Even a, 
if cut through the valves, 
would not have like 
parts. An oyster (b) 
may have one valve 
attached to rocks, or 
may lie on its side. The 
valves grow unequally. 








Plane between valves 
dividing clam into two 
similar parts. Compare 
with “line of equal split” 
on drawing of brachio- 
pod. 


appendix 9 Contour lines 


A contour line on a map is a line connecting all points of equal height. Figure 1 shows a model of a hillina 
fish tank. Imagine that you fill the tank to a height of, say, one centimeter. Mark the water level all 
around the hill with a pencil. Keep filling the tank in one-centimeter steps and mark the water level. 
When you are finished, pour off the water and look vertically down at the hill. What you see would look 
like Figure 2. The lines are contour lines. A more complicated landscape is shown at the top of Figure 3. A 
map of that landscape is at the bottom. As you can see, the steeper the slope, the closer together the con- 
tour lines are. A contour line crossing a river or gulley forms a V pointing up the slope. 





Figure 1 Figure 2 





appendix 10 Earth’s grid 


The points where Earth’s axis of rotation intersects Earth’s surface are the North Pole and the South Pole. 
The circle halfway between them is the equator. Positions north or south of the equator are indicated by 
degrees of latitude, from 0° latitude for the equator to 90°N latitude for the North Pole and 90°S latitude 
for the South Pole. Each degree of latitude forms a circle that is parallel to the equator and is called a 
parallel. Lines running directly north and south between the two Poles are called meridians. The meridian 
that passes through Greenwich, England is called the prime meridian. Positions east or west of the prime 
meridian are indicated by degrees of longitude, starting from the prime meridian, which is 0° longitude, 
and going east and west to the meridian exactly opposite the prime meridian; that meridian is 180° 
longitude. 








appendix 11 The seasons 


Earth’s axis of rotation is not perpendicular to the plane of Earth’s rotation around the Sun. It is tilted 
from the vertical by about 235 degrees. At left in Figure 1, the North Pole is tilted most toward the Sun; 
it is midsummer in the Northern Hemisphere and midwinter in the Southern Hemisphere. At right, the 
North Pole is tilted the most away from the Sun; it is midwinter in the Northern Hemisphere and mid- 
summer in the Southern Hemisphere. Imagine yourself standing at various latitudes as Earth makes a 
complete rotation. You can see that in summer, daytime is longer than night; and in winter, night is 
longer than day. At the top and bottom of Figure 1, the line between day and night intersects the Poles. 
At these two times (called the spring equinox and the autumn equinox), day and night are the same 
length on Earth. 

The position of Earth at midsummer for the Northern Hemisphere is shown in more detail in the left 
part of Figure 2. At that time (June 21 or 22), a person at latitude 225°N would see the Sun directly over- 
head at noon. That latitude is called the tropic of Cancer. At higher latitudes (for example, the United 
States), the Sun is never directly overhead. (The southernmost latitude at which the Sun is ever seen 
directly overhead, 223°S, is called the tropic of Capricorn.) At latitude 665°S on the day shown at left in 





Figure 1 


Figure 2, the Sun can be seen only at noon, at which time it is on the horizon. That latitude is called the 
antarctic circle. At latitude 665°N on that day, the Sun can be seen all day, even at midnight, at which 
time it is on the horizon. The latitude is called the arctic circle. 

Earth at the time of the equinoxes is shown at right in Figure 2. At both Poles, the Sun is on the 
horizon all day long. (It moves in a circle around the horizon.) At the equator, on those days, the Sun is 
directly overhead at noon. 


Figure 2 








appendix 12 Map projections 


Three common methods of projecting the curved surface of a globe on a flat plane are shown in the dia- 
gram. In the azimuthal projection, (upper left) the plane touches the globe at one point, usually the North 
Pole or the South Pole. A light inside the globe projects the surface onto the plane. This projection is com- 
monly used for maps of polar areas. In the conical projection (upper right), a cone is placed on the globe. 
(Usually, the apex of the cone lies on the globe’s axis, as in the case shown here.) After the globe’s surface 
has been projected onto the cone, the cone is cut to obtain a flat plane. This projection is commonly used 
for maps of middle-latitude areas, such as the United States. In the cylindrical projection, a cylinder is 
wrapped around the globe, usually touching the globe along the equator. The Poles cannot be shown, since 
the light inside the globe projects the Poles out to infinity along the globe’s axis. This projection is com- 
monly used for world maps, even though it produces bad distortion away from the equatorial area. (The 
Mercator projection is a well-known cylindrical projection.) Actual maps are constructed not with lights 
inside globes, but by geometric and other mathematical means. 
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appendix 13 Astronomical coordinate systems 


When watching the sky at night, it seems that the stars and other celestial bodies are attached to a large 
sphere surrounding Earth. You know, of course, that such a sphere does not exist, yet astronomers use it 
to describe directions to and motions of celestial bodies. They call it the celestial sphere. 

The celestial sphere, with Earth at its center, is shown in Figure 1. Imagine yourself standing at A. 
The point directly overhead is the zenith (Z). The point directly below you is the nadir (Na). The great 
circle halfway between them is the celestial horizon (SENW). 

Earth spins eastward on its axis, p,p,. Since we do not feel the rotation, it seems to us that the celestial 
sphere turns in the opposite—westerly—direction on its axis, P,P. As it does so, it seems to carry the Sun, 
the Moon, the stars, and other celestial bodies along with it. 

The celestial north pole, Py, is located near Polaris, a medium-bright star. Point N on the horizon, 
nearest to the North Pole, is called the north point. The south point, S, is located in the opposite part of 
the sky. As you face north, east (E) is on your right, west (W) on your left. They are exactly halfway be- 
tween north and south. Circles on the celestial sphere that pass through the zenith and the nadir are 
called the vertical circles. The easiest way to find Polaris is to draw an imaginary line through the a and 
B stars of the Great Dipper; then lay off five line segments equal to the distance between the two stars. 
Polaris is close to the endpoint of the fifth line segment (Figure 2). 

We are now prepared to discuss the two most frequently used celestial coordinate systems. 


The horizon coordinate system 


In this system, the direction to a point is described by the altitude and the azimuth. The altitude of a point 
is its angular distance from the celestial horizon measured along the vertical circle. The altitude of the 
star in Figure 3, for instance, is roughly 40°. What is the altitude of a point on the celestial horizon? Of 
the zenith? Of a point halfway between the horizon and the zenith? 

The azimuth of a point is the length of the celestial horizon measured from the north point eastward 
to the vertical circle. In Figure 3, the azimuth of the star is approximately 120°. What is the azimuth of 
the north point? Of the west point? Of the point one third of the way from north to east? 

The horizon coordinates of a celestial body vary from place to place. Moreover, they change during the 
course of a day. This is a serious drawback of the system. To describe the direction to a point by means of 
them, it is, therefore, necessary to also know from where and when the observation was made. Other- 
wise, the coordinates are of little value. POLARIS 
LITTLE DIPPER 


Figure 1 Figure 2 


BIG DIPPER 


DR 





445 


The equator coordinate system 


The horizon system measures coordinates from and along the celestial horizon. In the equator system, 
however, they are measured from and along the celestial equator, the great circle halfway between the 
two celestial poles. 

The equator coordinates are the declination and the right ascension. To define them, two new ideas 
must be introduced: (1) Great circles passing through both celestial poles are called the hour circles. An 
example is P,-star-P, in Figure 4. (2) The point on the celestial equator that the Sun reaches at the be- 
ginning of spring (around March 21) is referred to as the vernal equinox (y). Its approximate position can 
be found from constellation Pegasus (Figure 5). 

The declination of a point is its angular distance from the celestial equator measured along the hour 
circle. The declination of the star in Figure 4, for instance, is +30°, the plus sign meaning that the point is 
in the northern celestial hemisphere. Declinations of points in the southern hemisphere are indicated by a 
minus sign. What is the declination of points on the celestial equator? Of the celestial north pole? Of the 
celestial south pole? Of a star two thirds of its way from the celestial equator to the celestial north pole? 

The right ascension of a point is measured leftward along the celestial equator. It is measured in 
hours, minutes, and seconds. (The celestial equator is divided into 24 hours, as explained in Chapter 17, 
activity 17.3. The right ascension of the vernal equinox can be designated as either 0 hour or 24 hours.) 
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appendix 14 Star charts 


This circular chart shows the stars near the north celestial pole (the intersection of the two lines). From 
most of the continental United States, the stars within the circle can be seen all year. To use the chart, go 
outdoors around 9 pm, face north, and hold the chart in front of you so that the label for the month in 
which you are doing this activity is located at the top. The chart will correspond to what you see in the 
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region around the north celestial pole. The stars appear to rotate counterclockwise around the pole. Four 
right ascension values are shown: 0 (or 24), 6, 12, and 18 hours. 


The following rectangular charts cover areas of the sky from the celestial equator to a declination of about 
60 degrees north and south. The labels at the bottom indicate the months in which the particular section 
of the sky can be seen. Hold the chart directly above your head and line up the directions as indicated. 
(For example, if you stand facing south, the words would appear right side up. If you stand facing north, 
the words would appear upside down.) 
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glossary 


absorption spectrum ab SORP shun The dark lines 
on the bright background of a continuous spectrum. 
abyssal plain uh BIH sul Same as deep-sea plain. 
active volcano A volcano that has displayed some vol- 
canic activity within the last 50 years or so. 

alluvial fan a LOO vee ul An accumulation of sedi- 
ment formed where a stream descends from a steep 
slope onto a flatter land area and deposits its load of 
sediment. (The land counterpart of a delta.) 

amphibian am FIB ee uhn A type of cold-blooded 
vertebrate animal that normally must keep its skin 
moist and lay its eggs in water. Frogs and toads are 
examples. 

angstrom ANG strum A unit of length, equal to 
10-!° meter (one ten-millionth of a meter), abbreviated 
as Aor A. 

annual displacement The yearly change in the direc- 
tion of a star, expressed in angular seconds. 

antapex AN tuh pex The point in the sky opposite 
the apex. 

anthracite AN thruh sait A hard variety of coal, 
usually with a shiny appearance, formed from the 
metamorphism of lower grade coal. 

anticline AWN tih klain A structure in which strati- 
fied rocks are folded upwards. 

apex AY pex The point in the constellation Hercules 
toward which the Sun is moving. 

apparent brightness The amount of light received 
from a star. 

arkos AR kose A type of sandstone containing an 
appreciable amount of feldspar grains in addition to 
abundant quartz grains (see sandstone). 

asteroid AS teh royd A minor planet or planetoid; 
many of these lie in an orbit between Mars and Jupiter. 
astronomical unit as troh NOM i kul An average 
Earth-Sun distance, 150 million kilometers (93,000,- 
000 miles). 

atmosphere (unit of pressure) AT mos feer The aver- 
age pressure of the atmosphere at sea level, equal to 
about 10° newtons per square meter or 14.7 pounds per 
square inch. 

atom The smallest particle of an element having prop- 
erties of that element; composed of protons, neutrons, 
electrons, and numerous smaller particles. 

atomic number The number of protons in the nucleus 
of an atom (see electron shell). 

avalanche AV uh lanch A large mass of snow or ice 
moving rapidly down a mountain slope. 

barred spiral galaxy SPAI rul GA lax ee A galaxy 
in which the arms develop from the endpoints of a 
“bar” and then coil about it. 

basalt flood ba SALT A type of volcanic activity 
in which very fluid basaltic lava poured out of numerous 
long fissures or cracks and flooded large areas. 

basaltic magma ba SAHL tik Magma of basaltic 


composition, high in calcium, iron, and magnesium 
and relatively low in silicon. 

batholith BA tho lith A large body of igneous rock 
that cuts across the structure of the surrounding rocks 
and doesn’t have a known base. 

bauxite BOX ait The chief ore of aluminum. A mix- 
ture of several hydrous aluminum oxides, whose com- 
position is commonly given as Al, O; - nH, O. 

binary star BAI neri One of the two stars revolving 
about their common center of mass. 

black hole A collapsed star having so great a surface 
gravity that light cannot escape the star. 

breccia BRECH ia A kind of rock whose parts are 
angular and appear cemented together. 

breeder reactor A nuclear reactor in which certain 
nonfissionable isotopes can be changed to ones that are 
fissionable. An example is the change of uranium-238, 
which is not fissionable, to uranium-233, which is. The 
reactor thus “breeds” its own fuel supply to produce 
energy by nuclear fission. 

bright-line spectrum (see emission spectrum) 
catastrophism ka TAS tro fism The concept that 
geological features are the result of sudden violent 
changes rather than the result of slow processes acting 
over long periods of time. 

celestial equator seh LES chul ee KWAY tur A 
great circle projected on the sky 90° from the celestial 
poles. It lies in the same plane as the Earth’s equator. 
celestial sphere The imaginary sphere that represents 
the entire sky. 

cepheid SEE fee id A periodically pulsating yellow 
supergiant star having a period between a day and 
several weeks. 

chemical weathering The chemical breakdown or 
decomposition of rocks and minerals at Earth’s surface, 
due to exposure to air and water. 

chromosphere KROH mos feer The red shell of the 
solar atmosphere lying directly above the visible surface 
of the Sun. 

cinder cone A cone-shaped mound or hill formed by 
the accumulation of voleanic ash and cinders around a 
volcanic vent. 

cleavage KLEE vij The tendency of a mineral to 
break along flat, shiny surfaces due to crystalline 
structure. 

climate The weather conditions—including tempera- 
ture, precipitation, and wind—that are characteristic 
of an area or region. 

cluster of galaxies A group of galaxies held together 
by their mutual gravitational force. 

cold front The surface between a cold and a warm 
air mass formed when the cold air pushes beneath the 
warm air and lifts it up. 

comet head The diffuse gaseous component of the 
comet; the most dense region of the comet. 


comet tail The whispy vaporous extension of some 
comets; these point away from the Sun as the comet 
passes by. 

composite cone kom PAH zit A large volcanic cone 
made up of layers of lava and pyroclastic material. 
composition The chemical makeup of a rock or 
mineral. 

compound A substance composed of two or more dif- 
ferent elements. 

compression A process in which forces acting toward 
each other squeeze or compress rocks. 

conglomerate kon GLAH mer it Sedimentary rock 
containing a large proportion of rounded gravel and 
pebbles (larger than 2 mm in diameter). 

contact metamorphism Metamorphism of surround- 
ing rocks caused by the intrusion or extrusion of magma. 
continental drift The movement of continents over 
the surface of the Earth. 

continental glacier A large ice sheet that covers a 
large part of a continent (see glacier). 

continental rise The gently-sloping surface of the sea 
floor lying at the base of the continental slope. 
continental sea A type of sea which covered various 
parts of continents many times in the past. Most areas 
of these seas were only a few hundreds of meters deep. 
continuous spectrum An uninterrupted band of rain- 
bow colors obtained when the light from a glowing solid, 
liquid, or highly compressed gas is dispersed by a glass 
prism or a grating. 

convection cell kun VEK shun A pair of convection 
currents adjacent to each other and moving in opposite 
directions. (The convection currents make up a closed 
circulation of material.) Such a slow movement of ma- 
terial in the mantle due to temperature differences (with 
the hot currents rising and cold currents falling) may 
account for continental drift. 

core The innermost zone of Earth, starting at a depth 
of about 2900 km beneath the surface. It has a liquid 
outer part and a solid inner part, both composed of iron 
and nickel. 

Coriolis effect koh ree OH lis An effect caused by 
Earth’s rotation, in which particles moving in the 
Northern Hemisphere veer to the right and in the South- 
ern Hemisphere veer to the left. 

corona ko ROH nuh The outer part of the solar 
atmosphere. 

correlation ko reh LAY shun The process of match- 
ing rocks between two or more areas. Position relative 
to other rocks, fossils, and type of rock are among the 
things used to correlate. If two rocks correlate, they 
are considered to be of nearly the same age. 

covalent bond koh VAY lent A linkage between 
atoms in which the atoms share electrons. 

cross-beds Thinner sedimentary beds or laminations 
within a main bed, which are inclined at an angle to 
the main bed. 
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crust The outermost shell of the solid Earth. It varies 
in thickness from about 5 km under the oceans to 60 km 
under continents. 

crystal lattice (see crystal structure) A specific and 
periodic arrangement of atoms which distinguishes 
crystalline solids from other states of matter. 

crystal structure (see crystal lattice) The orderly 
arrangement of atoms in a crystal. 

crystalline KRIS talin Having a regular and orderly 
atomic structure, as contrasted with amorphous ma- 
terials which have no crystalline structure. 

dark-line spectrum (see absorption spectrum) 
deep-sea plain The smooth flat floor of the ocean 
occurring in depths greater than 2000 meters. 
deep-sea trench Long linear depressions on the sea 
floor characterized by volcanic and intense earthquake 
activity. 

delta DEL tuh A low-lying accumulation of sediment 
formed where a stream flows into a body of standing 
water and deposits its load of sediment. 

deposition dee poh ZIH shun The laying down of 
sediment by water, wind, or ice. 

dike A rock body formed as an offshoot from a body 
of magma, shaped like a wall and cutting across the 
layers of surrounding rock. 

dinosaur DAI nuh sawr A common name given to 
two groups of reptiles that were the dominant land ver- 
tebrates during Mesozoic time. Some were very small, 
others the largest land animals ever. The name comes 
from the Greek words deinos (terrible or mighty) and 
sauros (lizard). 

doldrums DOL drumz (alsocalled equatorial low and 
intertropical convergence zone) The area near the 
equator characterized by low pressure and a lack of 
steady winds. 

dome mountain A mountain in which the rocks have 
been pushed up into a dome by forces within Earth. 
Doppler effect DOP lur The apparent change in the 
wavelength of sound, light, or other radiation brought 
about by the motion of the source along the line of sight. 
dormant voleano DOR munt A volcano which has 
not been active within the last 50 years or so. 
drainage basin The area from which a given stream 
and its tributaries receive their water. 

echo sounder A device used to measure water depth; 
it measures the time a pulse of sound takes to travel 
to the bottom and back to the device. 

eclipse ee KLIPS The cutting off of all or part of the 
light from one celestial body by the passing of another 
in front of it. 

eclogite EH kloh jait A rock with the chemical com- 
position of a basalt, but with different mineral composi- 
tion, which occurs near the base of Earth’s crust. 
electromagnetic waves Waves produced by oscillat- 
ing electric and magnetic fields. 

electron ee LEK trahn Negatively charged particle 
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in an atom, in orbit around the nucleus. 

electron shell An imaginary spherical surface repre- 
senting all possible paths of electrons with the same 
average distance from a nucleus. 

element A substance which cannot be broken down 
into other substances by ordinary chemical means; a 
substance made completely of atoms with the same 
atomic number. 

ellipse ee LIPS A flattened circle; the orbits of all 
celestial bodies are ellipses. 

elliptical galaxy ee LIP tih ki An armless galaxy 
that has elliptical contours and that displays no spiral 
structure. 

emission spectrum A spectrum made up of bright 
lines on a dark background. 

equatorial low (see doldrums) 

erosion ee ROH zhun The wearing away of Earth’s 
surface by wind, water, and ice. 

erosion cycle The concept which states that valleys 
and landscapes progress through youthful, mature, 
and old age stages of erosion, with each stage recogniz- 
able by the erosional features present. 

extension A process in which forces acting away from 
each other cause a stretching of rocks. 

extinct voleano ek STINKT A volcano which has 
not been active in recorded history. 

extrusive rock ex TROO siv (see volcanic rock) 
fault FALLT A break in Earth’s crust along which 
there has been vertical and/or horizontal movement. 
fault-block mountain A mountain which has one or 
more faults along its margins and was formed by move- 
ment along the fault. 

flare A short-lived brilliant eruption on the Sun. 
folded mountain range A mountain range in which 
stratified rocks, deposited in a geosyncline, are folded 
into mountain ranges. Rocks in such mountains are 
commonly folded, faulted, metamorphosed, and intruded. 
foliated FOH leeaytid The layered or banded nature 
of some metamorphic rocks, caused by pressure being 
strongest in a certain direction. 

footwall The wall of a nonvertical fault that would be 
underfoot if a person were standing in a tunnel dug 
along the fault. 

fossil FAH sul Any remains or trace of a once-living 
thing preserved by natural means. 

fracture zone A long linear zone on the sea floor char- 
acterized by long steep escarpments, ridges, troughs, 
and/or lines of seamounts. 

frontal surface The surface between a cold air mass 
and a warm air mass. 

full moon The phase of the Moon when its side facing 
the Earth is fully illuminated. 

galaxy An assemblage of millions or billions of stars, 
gas, and dust in space. 


geologic time scale A calendar of Earth history. 


geosyncline jee oh SIN kilain A long, narrow, sub- 
siding basin in which thick accumulations of sediment 
occur. 

glacial till GLAY shul An accumulation of nonsorted 
and unstratified sediment carried and deposited by a 
glacier. 

glacier GLAY shur (see continental glacier and val- 
ley glacier) A moving mass of ice which originates 
from the compacting of snow by pressure. 

graded (bed) A sedimentary bed in which the coarsest 
grains are at the bottom and the finer grains at the top, 
with a progression of grain sizes within it. 

granitic magma gra NIH tik Magma of granitic 
composition, high in silicon, sodium, and potassium 
and relatively low in calcium, iron, and magnesium. 
granitization gra nih tih ZAY shun The changing 
of some other type of rock into granite by solutions 
moving through the rock. 

granule GRAN ew! A short-lived bright area on the 
surface of the Sun a few hundred kilometers in diameter. 
gravitational force A force of attraction existing be- 
tween any two bodies. 

gravity GRA vih tee The force on any body of matter 
at or near Earth’s surface due to the attraction by Earth, 
and to its rotation about its axis. 

graywacke GRAY wak A type of sandstone which is 
dark and hard and composed of angular mineral and 
rock particles set in a clayey matrix (see sandstone). 
greenhouse effect The trapping, by the atmosphere, 
of electromagnetic waves whose wavelengths are longer 
than those of visible light. 

gyre JAIJR A circular motion; in the oceans, the cir- 
cular paths followed by the major ocean currents, clock- 
wise in the Northern Hemisphere and counterclockwise 
in the Southern Hemisphere. 

half life The time it takes for one-half of the atoms 
of any given quantity of a radioactive form of an element 
to decay to atoms of another element. 

halite HA lite A mineral composed of the elements 
sodium and chlorine; rock salt and common table salt 
are halite. 

hanging wall The wall of a nonvertical fault that 
would be overhead if a person were standing in a tunnel 
dug along the fault. 

hematite HEH muh tait The mineral FE.,O;, the 
principal ore of iron. 

high tide The high level of ocean water on the side of 
Earth facing the Moon and on the opposite side. 

humus HYOO mus A dark-colored, well-decomposed 
part of the organic material in soils. 

hydrothermal solution hai dro THER mul A hot 
watery solution derived from magmas. 

igneous (rocks) JG nee us Rocks formed by the crys- 
tallization of magma, either at depth or at Earth’s 
surface. 


intértropical convergence zone (see doldrums) 
intrusive rock in TROO siv (see plutonic rock) 
invertebrate in VER tibrayt A general term for ani- 
mals which do not have a backbone. Insects, worms, and 
clams are examples. 

ion EYE ahn A charged atom, produced by the gain 
or loss of electrons. 

ionic bond A linkage between two charged atoms 
(ions), the result of their opposite electrical charges. 
ionosphere eye ON os feer A thick zone in the outer 
atmosphere in which the atmospheric faces become ion- 
ized by incoming solar radiation. 

irregular galaxy An irregularly-shaped galaxy with- 
out arms. 

isobar EYE soh bar A line ona pressure-pattern map 
that connects points of equal pressure. 

isohyet eye soh HAI et A line on a precipitation map 
that connects points of equal precipitation. 

isostasy eye SOS tuh see The balance that would be 
achieved by the different segments of Earth’s crust with 
their different densities if gravity were the only force 
that affected their heights in relation to one another. The 
blocks are “in balance” with one another. 

isotherm EYE sothurm A line ona temperature pat- 
tern that connects points of equal temperature. 

isotope EYE soh tohp Any one of two or more forms 
of an element which differ in the number of neutrons 
in the nucleus. Only the weight of the element varies; 
its chemical activity remains about the same as its other 
isotopes. Naturally-occurring elements are usually mix- 
tures of isotopes. For example, over 99.7% of the oxygen 
you are breathing has 16 neutrons in the nucleus, but 
about 0.2% has 18 neutrons. 

jet stream A fast, narrow stream of air flowing along 
a winding path in a generally west-to-east direction at 
altitudes of 10 to 12 kilometers. The jet stream transports 
a great deal of heat from the tropics to the polar regions. 
landslide A mass of soil and rock which falls or slides 
rapidly down a slope. 

lava LAHva Magma which has poured out on Earth’s 
surface; also used for the rock which has solidified from 
this magma. 

leveling The process in which topographically high 
areas are lowered and low places are filled in. Involves 
weathering, erosion, and deposition. 

light-year The distance covered by light in one year. 
limestone A sedimentary rock composed largely of the 
mineral calcite. 

lobe fin A type of fin found in some ancient and a few 
modern fish in which the fins are fleshy and supported 
by bones and muscles which are connected to the internal 
skeleton. This type of fin is related to the legs of other 
vertebrate animals. 

Local Group The cluster of 19 or possibly more gal- 
axies which includes the Milky Way system. 
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low tide The low level of ocean water on the two sides 
of Earth between the high tide areas. 

luminosity lew mih NAH sitee The rate of light emit- 
ted by a celestial body. 

lunar eclipse An eclipse of the Moon, when the Earth 
passes between the Moon and the Sun. 

magma MAG ma Molten rock; magma consists of 
complex silicate melt, gases, and solid crystals. 
magmatic differentiation mag MA tik di feh ren shee 
AY shun The process whereby different types of magma 
and igneous rocks are formed from a single parent 
magma. 

magnetite MAG nih tait The mineral Fe,0,, an ore 
of iron. It is magnetic. 

main sequence A diagonal, narrow band in the Hertz- 
sprung-Russell diagram within which most of the nearby 
stars are located. 

mammal MAM ul A type of warm-blooded vertebrate 
animal that has hair and feeds its young with mother’s 
milk. 

mantle MAN tl The zone of Earth beneath the crust 
and above the core. Its top is between 5 and 60 km from 
the surface. Its base is about 2900 km down. 

marble A metamorphic rock formed from limestone or 
dolomite, and hence composed of the mineral calcite or 
dolomite or both. It has a granular texture. 

massive bed A homogeneous sedimentary bed without 
noticeable lamination, cross-bedding, grading, or other 
sedimentary features. 

mechanical weathering The physical breakdown of 
rocks and minerals at Earth’s surface into smaller pieces. 
meltwater deposit An accumulation of sorted and 
stratified sediment deposited by the water resulting 
from a melting glacier. 

mesosphere MEH sos feer The third layer of the at- 
mosphere found above the stratosphere (50 km) and 
extending up to 80 km. The temperature decreases to 
SSC. 

metamorphic (rocks) me ta MOR fik Rocks formed 
at depth from other pre-existing rocks, the result of 
pronounced changes in temperature, pressure, and chem- 
ical environment. 

metamorphism me tuh MORF izm The process by 
which the physical and/or chemical properties of a rock 
are changed under conditions of temperature, pressure, 
and chemical environment different from those in which 
the rock was formed. The effects of weathering and 
cementation are not usually included. 

meteor MEE teer The streak of light observed when 
a meteroid enters the Earth’s atmosphere and burns up; 
popularly called a “shooting star.” 

meteorite MEE teerait A portion of a meteoroid that 
survives passage through the atmosphere and strikes 
the Earth. 

meteor shower Many meteors appearing to radiate 
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from a common point in the sky; caused by the collision 
of the Earth with a swarm of meteoritic particles. 
meteroid MEE tee roid A particle in space before an 
encounter with the Earth. 

micrometeoroid The very smallest meteoroid. 
mineral A naturally occurring, inorganic, crystalline, 
relatively homogeneous substance with definite chem- 
ical and physical properties. 

Mohole project MOH hole A scientific project de- 
signed to drill a hole through the Mohorovi¢ic discon- 
tinuity into the uppermost part of the mantle. 
Mohoroviéic discontinuity mo ho ROH vih chich 
dis kon tih NEW i tee The boundary between the crust 
and the mantle of Earth. This is the most studied bound- 
ary or discontinuity between layers. 

moraine moh RAYN A kind of land form composed 
of glacial till (see glacial till). 

mountain Any part of Earth’s surface that rises high 
above surrounding areas. 

mud cracks Polygonal cracks in mud formed by the 
drying up and contraction of wet mud at Earth’s surface. 
mudstone Sedimentary rock largely composed of clay, 
commonly with much silt, as well; breaks into irregular 
blocks (see shale). 

multiple star One of two or more mutually revolving 
stars. 

nebula NEH bew la A cloud of gas and dust in inter- 
stellar space. 

neutron NEW trahn A particle in the nucleus of an 
atom with no electrical charge, but with a mass about 
equal to that of a proton. 

neutron star A very high density star made up of elec- 
trically neutral particles called neutrons. 

new moon Phase of the Moon when it lies between the 
Earth and the Sun. 

normal fault A fault in which the hanging wall has 
moved down relative to the footwall. 

normal spiral galaxy A spiral galaxy in which the 
arms wind out of the galactic nucleus. 

nova NOH vuh A star that blows off its outer layer 
in a sudden outburst increasing hundreds of thousands 
of times in luminosity. 

nuclear fission NEW klee ur FISH un The splitting 
of the nucleus of an atom into two new nuclei. A large 
amount of energy is given off when this occurs. 
nuclear fusion NEW klee ur FEW shun The combin- 
ing of two smaller nuclei to form a larger one. A large 
amount of energy is given off when this occurs. Some- 
times this process is referred to as a thermonuclear re- 
action, since very high temperatures are required to 
start it. 

nucleus NEW klee us The central part of an atom, 
containing the protons and neutrons, and therefore 
most of the mass but only a small part of the volume. 
oxidation ox ih DAY shun The process of combining 
with oxygen. 


P wave An earthquake wave that moves with a push- 
pull action. A P wave is the same as a primary wave. 
parallax PAH ruh lax The change in the direction 
of an object when viewed from two different points. 
periodotite PEH ri doh tait A dark-colored, coarse- 
grained, igneous rock composed mostly of iron and 
magnesium-rich minerals such as olivine and pyroxene. 
phase Any one of the progression of changes in the 
Moon’s appearance during a month. 

photosynthesis fo to SIN thi sis A process by which 
plants produce glucose from carbon dioxide and water 
by using light energy with chlorophyll present. 
phytoplankton fai to PLANK tun Microscopic float- 
ing plants which live in the ocean’s surface waters. 
pillowed lava flow A flow that has rounded pillow- 
like structures developed in it. These structures are 
developed when lava is extruded under water. 

placer gold Native gold which is naturally sorted by 
streams because of its high specific gravity. 

plain A large, fairly level area. 

plateau pla TOH A high, flat area usually underlain 
by nearly horizontal layered rocks. Relief on plateaus 
is commonly greater than on plains. 

plutonic rock ploo TAH nik Rock formed beneath 
Earth’s surface by the solidification of magma. 

polar zone One of the regions of Earth where the aver- 
age temperature of the warmest month does not reach 
as high as 10°C (50° F). 

primate PRAI mayt A type of mammal that usually 
has long limbs, enlarged “hands” and “feet” with either 
or both toe and thumb opposable to four other digits, 
nails rather than claws, forward-directed eyes, and the 
most highly developed nervous system and intelligence. 
Monkeys, apes, and humans are examples. 

principle of uniformity A basic assumption needed 
to understand the general nature of all things. It as- 
sumes that the basic components of matter and the laws 
of science are the same everywhere. 

principle of superposition soo pur puh ZIH shun 
The principle that a layer of sedimentary rock that over- 
lies another is younger. The positions will not change 
from one area to another unless the rocks have been 
faulted or overturned by a fold. 

prominence PROH mih nence A rapidly changing 
formation of glowing gases above the solar limb. 
proton PROH tahn A positively charged particle in 
the nucleus of an atom. Protons have more than 1800 
times as much mass as electrons. 

Proxima Centauri PROX ih muh sen TAU ree The 
star (other than the Sun) nearest to Earth. It is 4.28 
light-years away. 

pulsar PUL sar A star emitting regular short radio 
“bursts” (pulses). 

pyroclastic particle pai ro KLAS tik A rock, min- 
eral, or glass particle that has been thrown out of a 
volcanic vent. 


quarter moon Hither of the two phases of the Moon 
when the angle between the Earth, Moon, and Sun is 
90°. 

quartz sandstone KWARTZ A type of sandstone 
composed largely of quartz grains (see sandstone). 
quasar KWAY zar A starlike celestial body having a 
very high red shift; its true nature is not yet understood. 
radial motion The motion of a star directly toward or 
away from us. 

radioactive If some form of an element has the prop- 
erty of emitting (radiating) certain rays (gamma) and 
particles (electrons, for example), it is said to be 
radioactive. 

ray fin A type of fin found on most ancient and nearly 
all modern fish in which the fins are webs of skin sup- 
ported by rays of “horny” material. 

red shift The displacement of the dark lines toward 
the red end in the spectra of many heavenly bodies. 
regional metamorphism Metamorphism over broad 
areas, brought about by great pressures and tempera- 
tures. It is most common in regions of mountain building. 
reptile REP tail A type of cold-blooded vertebrate 
animal that usually lays a shelled egg and has a scaly 
skin. Snakes and alligators are examples. 

respiration reh spih RAY shun The intake by living 
organisms of oxygen to maintain life processes and the 
output of waste products. 

reverse fault A fault in which the hanging wall has 
moved up relative to the footwall. 

Richter scale RIK ter A scale scientists use to de- 
scribe the amout of energy released by an earthquake. 
The scale runs from 1 to 10. The biggest earthquake 
ever recorded had a value of 8.6 on the Richter scale. 
rift valley A linear valley caused by separation along 
a fault in the Earth’s crust; common at the centers of 
mid-ocean ridges. 

ripple marks An irregular wavy surface produced in 
loose sediment by wind or water. 

rock cycle Concept of the sequences through which 
earth materials may pass when subjected to geological 
processes. 

RR Lyrae variable LAI ree A pulsating white giant 
star having a period of less than a day. 

S wave An earthquake wave which advanced by caus- 
ing particles in its path to move from side to side or up 
and down at right angles. 

salinity sah LIN i tee A measure of the salt content 
of water. Seawater has a salinity of about 3.5% by 
weight. 

sand dune A mound or ridge of sand piled and de- 
posited by wind. 

sandstone Sedimentary rock largely composed of sand- 
sized particles (between 1/16 and 2 mm in diameter). 
sea-floor spreading A theory which explains the move- 
ment of continents as a result of the addition of new 
crust at mid-ocean ridges with a movement of the sea 
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floor away from the ridges. 

seamount A mountain or hill on the sea floor which 
rises 1000 m or more above its surroundings. 

sediment SHH di ment Loose unconsolidated par- 
ticles of minerals and rocks. 

sedimentary facies FAY sees Lateral changes in 
the type of sediment or sedimentary rock from place 
to place within a sedimentary rock unit. 

sedimentary (rocks) se di MEN teri Rocks formed 
at Earth’s surface, made from particles of other rocks 
or precipitated out of solution with or without the aid 
of organisms. 

seismogram SAIZ muh gram A graph or chart re- 
corded on a seismograph. 

seismograph SAJZ muh graf An instrument for re- 
cording vibrations, most commonly Earth vibrations. 
shale Sedimentary rock largely composed of silt and 
clay-sized particles; breaks into thin flat pieces (see 
mudstone). 

sheetwash Thin sheets of water moving down a slope 
during and after a rain. 

shield Any extensive area, usually low-lying, over 
which Precambrian age rocks are exposed at the surface. 
shield volcano A large, broad, low volcano made up 
of lava flows. 

silicate (minerals) SJL ih kayt Minerals containing 
silicon-oxygen tetrahedrons. 

sill A rock body formed as an offshoot from a body of 
magma into a flat space between layers of surrounding 
rock. 

siltstone Sedimentary rock largely composed of silt- 
sized particles (between 1/16 and 1/256 mm in diameter). 
slate SLAYT A fine-grained metamorphic rock with 
well-developed slaty cleavage, formed by the meta- 
morphism of mud, stone, or shale. 

solar easterlies Winds flowing from the polar areas 
of high pressure. 

solar eclipse An eclipse of the Sun, when the Moon 
passes between the Earth and the Sun. 

solar flare (see flare) 

specific gravity The density of a substance compared 
to the density of an equal volume of pure water. 
spectroscope SPEK troh skohp An instrument used 
to separate light into its component wavelengths 
(colors). 

spectroscopy spek TRO sko pee The study of elec- 
tromagnetic waves and their various wavelengths. 
spectrum SPEK trum (see absorption spectrum, con- 
tinuous spectrum, and emission spectrum) 

spiral galaxy A flattened galaxy with spiral arms 
emerging from its nucleus. 

stationary front A frontal surface (between a cold 
air mass and a warm air mass) that does not move 
noticeably. 

strata STRAY ta (sing. stratum) 
sedimentary rock. 


Layers or beds of 
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stratosphere STRA tos feer A stable layer of the at- 
mosphere immediately above the troposphere (12.5 km) 
and extending up to the mesosphere (50 km). The tem- 
perature increases slowly with altitude from —57°C 
to 0° C. 

submarine canyon A large steep-walled submarine 
valley. 

submarine valley A sea floor feature similar in form 
and size to river valleys on land. 

subsurface water mass A mass of seawater having 
generally the same chemical and physical character- 
istics and behaving as a unit beneath the ocean’s surface. 
subtropical high Area of high atmospheric pressure 
at about latitude 30° north or south. 

sunspot A transient dark area on the solar disk 
brought about by a temporary decrease in temperature. 
supercluster of galaxies A group of two or more 
clusters of galaxies. 

supergiant An extremely luminous and large star. 
supernova A brilliant explosion of a star during the 
course of which the star ejects about a half of its mass 
into space. 

surface wave An earthquake wave that moves along 
the surface of Earth rather than through it. Surface 
waves cause most of the earthquake damage. 

syncline SIN kiain A structure in stratified rocks 
in which rocks are downfolded. The opposite of an 
anticline. 

taconite TAH kuh nait A very hard, iron-bearing, 
silica-rich sedimentary rock formation. The iron con- 
tent is low (25-35%). 

temperate zone TEM per it One of the regions of 
Earth between the polar zones and the tropical zone. 
tetrahedron teh tra HEE drun The common 4-sided 
geometric form assumed by 4 oxygen ions and one 
silicon ion. 

texture Geometrical aspects of the particles within a 
rock, including size, shape, and arrangement. 
thermosphere THUR mos feer The fourth layer of 
the atmosphere found above the mesosphere (80 km) 
and reaching up to an indefinite 400 km. Temperatures 
increase rapidly from —90° C to 1100° C. 

topsoil The top layer of soil, rich in humus and clay 
minerals. 

trade winds The winds from the Northern and South- 
ern Hemispheres converging at the equator. 


trilobite TRAI luh bait An extinct Paleozoic animal 
distantly related to modern crabs, insects, and other 
jointed-legged invertebrate animals. Trilobites are the 
earliest fossils commonly found on Earth. 

tropical zone The region of Earth where the average 
temperature of the coolest month does not drop below 
18° C (65° F). 

troposphere TROH pos feer The lowest zone of the 
atmosphere; it is typified by a relatively regular decrease 
of temperature with altitude. The portion of the atmo- 
sphere where weather takes place; its thickness is about 
12.5 km. 

turbidity current tur BIH di tee A highly turbid 
(muddy) and dense current which moves along the 
bottom slope of a standing body of water. 
uniformitarianism yu ni for mi TEH riuhnizm The 
concept that the present is the key to the past. 
upwelling The upward movement of ocean water, pri- 
marily in coastal areas, in response to the offshore 
movement of surface water by wind. 

valley glacier A glacier occupying a valley, usually 
in mountains (see glacier). 

vertebrate VER ti brayt A general term for animals 
which have some type of internal’ backbone for support. 
Frogs, snakes, and elephants are examples. 

voleanic rock vol KA nik Rock formed at Earth’s 
surface by the solidification of lava. 

warm front The surface between a warm and a cold 
air mass formed when the warm air advances over the 
cold air. 

water cycle The general pattern of movement of water 
from the sea by evaporation into the atmosphere, then 
by precipitation onto the land, and then by the pull of 
gravity back to the sea. 

water table The upper surface of accumulation of 
underground water. It is highest beneath hills and low- 
est beneath valleys. 

weather The conditions of the atmosphere at a given 
time and place. 

weathering (see chemical weathering and mechanical 
weathering) 

westerlies Winds that blow toward the subtropical 
high belts from the poleward side. 

white dwarf A small star of very high density and 
temperature but low luminosity. 
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Amazon River, 151, 168 
ammonia, 248, 344 
ammonite, 180 
amphibians, 195 
amphibole, 47 
amphibolite, 95 
amu (atomic mass units), 374 
Andes Mountains, 142 
Andromeda Nebula, 412 
Andromeda Spiral, 400, 410, 412, 413, 
414 
angstrom, 24, 367 
animals: 
amphibians, 195 
land, 192-193 
Paleozoic, 192-193 
reptiles, 196 
annual displacement, 386-387 
antapex, 385 
Antarctica, 161, 251 
antarctic circle: see appendix 11 
anthracite, 98 
anticline (upfold), 83, 134, 135 
antitrades, 274-275 
apes, 205 
apex, 385 
Appalachian Plateau, 287, 288, 289, 
290 
Appalachians, 141, 142, 144, 184, 286, 
287, 289, 291 
Apollo, 355 
Apollo Missions, 310, 324, 327-328 
Arabian Desert, 278 


Archimedes crater, 319 
Arctic, 262, 269, 279 
arctic circle: see appendix 11 
Arctic Ocean, 211, 237 
Aristotle, 21 
arkose, 74 
asbestos, 92, 97 
ash: 
glassy, 105 
volcanic, 103, 104, 106 
asteroids, 336, 337, 352 
astronomical coordinate systems: see 
appendix 13 
astronomical unit, 337, 356 
astronomy, 322-323, 401 
Atacama Desert, 278 
Atlantic Ocean, 10, 211, 213, 216, 217, 
219, 228-229, 278 
atmosphere: 
definition, 246 
density, 255 
gases in, 246 
ionosphere, 258-260 
layered, 254-260 
mesosphere, 256, 257 
metamorphic processes and, 91 
of the Moon, 320-321, 322-323 
oceans and, 233, 234-239 
of planets, 337-345 
pollution of, 254 
stratosphere, 255, 256-257 
of the Sun, 363-364 
temperature in, 255, 
thermosphere, 256, 257-258 
tides in, 318 
troposphere, 255, 256 
weather and, 264, 265 
atmospheric pressure, 255, 270, 280 
atomic age, 244 
atomic bomb, 120 
atomic mass units (amu), 374 
atomic oxygen, 258 
atomic reaction, 373-374 
atoms, 22, 23-25, 304-305, 422 
aurora, 259, 260 
avalanche, 149, 162 
barometer, 280 
barred spiral galaxy, 413 
basalt floods, 110-112 
basaltic rocks: 
basalt, 47, 48 
gabbro, 47 
lava, 107, 108, 110 
magmas, 46, 49 
metamorphism and, 95 
mountains and, 143 
oceanic crust, 123, 127 
olivine, 46, 47 
plagioclase, 46, 47 
volcanoes and, 102 
batholiths, 713, 142 


bauxite, 80 
Barnard’s star, 386, 387 
beds: 

cross-beds, 68, 135 

graded, 68-69, 135 

layers and, 133 

massive, 71-72 

minerals, 75 

oil wells and, 85 

porous, 83, 149 
beryl, 27 
beryllium, 23 
Bessel, Friedrich, 379 
beta, 383, 384 
Betelgeuse, 380, 381 
Big Bang theory, 423-424 
Big Dipper, 384, 386, 390 
binary stars, 390-391, 393, 399 
biotite mica, 28, 47, 91-92 
birds, 199: 

first bird, 201 

Jurassic Period, 199 

Mesozoic Era, 197 
black hole, 402 
blue shift, 390 
Bowen, Norman L., 49, 50 
brachiopod, 174 
brains, 204 
breccias, 326-327 
breeder reactor, 304 
bright line spectra, 370 
building stones, 98 
calcite: 

color and composition, 28 

crystals, 75 

ground water and, 159-160 

limestone and, 75-76 

marble and, 98 

in sea bed, 76 

sedimentary rock and, 65 
calcium, 27, 61, 421 
calcium carbonate, 75 
calcium sulfate, 75 
California Trough, 286 
Cambrian Period, 183, 184 
Canadian air mass, 279 
canals on Mars, 338 
carbon: 

compounds, 324 

on Earth, 332 

on the Moon, 324 

on the Sun, 372 
carbonates, 54, 98, 181 
carbon dioxide, 234, 243, 247-250, 252 
carbonic acid, 60 
carbon monoxide, 252 
Caribbean air mass, 279 
corona, 357 
Cascade Range, 105, 128, 286, 279 
catastrophism, 38 
caves, 159 
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celestial equator, 346-347 
celestial sphere, 346-347; see also 
appendix 13 
Celsius temperature scale: 
see appendix 4 
cement, 86 
Cenozoic Era, 184, 203-206 
cepheids, 397-398 
Ceres, 352 
Challenger, 212, 213 
chemical elements, 333 
chemical weathering, 58-60, 150 
chert, 187 
China, 114 
chlorine, 23, 24, 25 
chlorite, 92 
chlorophyll, 247 
chromosphere, 366 
cinders, 102, 105 
cinder cones, 108 
clay: 
bauxite and, 80 
color and composition, 28 
fertilizers and, 64 
in graywacke, 74 
as a resource, 86 
sedimentary rock and, 73, 151 
soil and, 62 
in taconite pellets, 80 
cleavage, 28, 31, 99 
“Cleopatra’s Needles,” 87 
climate, 263-281 
clouds, 245 
clusters of galaxies, 414, 416-418 
coal, 83, 98, 193, 249, 250, 302 
Coast Ranges, 286 
cold blooded animals, 199 
cold front, 280 
color, 28, 362, 367-370 
Colorado, 153 
Colorado Plateau, 140, 287, 289, 290, 
293, 294 
Colorado River, 77, 147, 168, 291-293 
Columbia Plateau, 110, 111, 287, 294 
Columbus, Christopher, 212, 213 
comet, 350 
composite cones, 108 
composition: 
of minerals, 28 
of rocks, 37, 46 
compound, 26 
compression, 132, 135 
condor, flying reptile, 201 
conduction, 241, 264 
cones, 108 
conglomerate, 66, 93 
conservation of natural resources, 62- 
63, 300-305 
constellations, 383, 384, 385-386 
continental crust, 123 
continental drift, 144, 224-225 
continental glaciers, 162, 164-165 


continental margins, 218, 219, 223, 238 
continental rise, 217, 219 
continental sea, 189, 200, 202, 219 
continental shelf, 65, 69, 85, 123, 217, 
218, 219, 231 
continental slope, 69, 123, 143, 217, 219 
continents: 
Earth’s crust and, 123 
edge of, 217-218 
North America, 219, 277, 284 
precipitation, 276-277 
South America, 219, 277, 284 
temperature of, 268 
Continuous-Creation theory, 422 
continuous spectrum, 368 
contour lines: see appendix 9 
convection, 144, 272 
conversion of units of measurement: 
see appendix 3 
copper, 51, 53: 
hydrothermal deposits, 54 
metamorphism and, 97 
mines, 52 
as natural resource, 301-302 
on sea floor, 229-230 
core, Earth’s, 125, 126-127, 128 
Coriolis effect, 237, 273-274 
corona, 366 
Corona Borealis cluster, 416 
correlation, 172-175, 173 
covalent bond, 26 
Crab nebula, 400, 401 
Crater Lake, 104, 105-106 
craters, 319-320, 351 
Cretaceous Period, 184 
crinoid, 191 
cross-beds, 68, 72, 74, 75 
crust, Earth’s, 123-124, 128: 
elements of, 27, 30 
faults in, 116 
isostasy, 125 
leveling of, 147-169 
mountain building, 143, 148 
movement of, 165, 294-296 
rocks in, 35, 36 
sea-floor spreading and, 226-227 
tides in, 318 
crustal plates, 144 
crystal, crystalline: 
growing crystals, 45 
order of crystallization, 49 
rocks on the Moon, 326-327 
structure, 25, 31 
texture, 45, 94 
crystal systems: see appendix 5 
currents, 234-238: 
Coriolis effect and, 274 
Earth’s temperature affected by, 240, 
242, 243 
Gulf Stream, 234 
surface currents, 234, 235 
cutting cube, 59 


cyclone, 275, 278, 279, 280 
Cygni, 61, 379, 380, 383 
Cygnus, 378 
Dalton, John, 22 
Dana, James Dwight, 142-143 
dark line spectra, 369, 370, 371 
da Vinci, Leonardo, 39 
declination: see appendix 13 
Deep Sea Drilling Project, 229-230 
deep-sea hills, 221 
deep-sea plains, 220-221 
deep-sea trenches, 218, 219, 220-221, 
222-224, 227 

deformation, 133 
degrees of stars, 387 
Deimos, 343 
delta, 152, 153 
Delta Cephei, 396 
Democritus, 22 
density: 

of air, 275 

of atmosphere, 255 

Big Bang theory and, 423 

of comets, 350 

of Earth, 127 

of stars, 381-382, 395 
deposition, 148, 152, 156-157, 

159-160, 164, 167 

deserts, 166, 262, 277-279 
Devonian Period, 184, 192, 194, 195 
diamonds, 52-54, 98 
Dietz, Robert, 51 
dikes, 113 
dinosaur, 198 
dinosaur bones, 174 
discontinuity, 123 
distance, 336, 356-358, 397-398 
distilleries, 85 


. dogs, 192, 198 


doldrums, 236, 271 
dome mountain, /4/ 
Doppler, Christian, 389 
Doppler effect, 389, 390, 420 
dormant volcanoes, 109 
double star, 335 
dowser, 158-159 
drainage basin, 151-152 
Drake, Edwin, 85 
Drake Well, 84 
dryland, 262, 277-279 
dust, 167, 254 
“Dust Bowl,” 62, 167 
Earth: 
age of, 171-185 
density of, 127 
distance and, 337 
internal pressures, 116 
internal temperature, 17 
limestone and, 76 
magnetic field of, 4 
Mars and, 347, 348 
the Moon and, 309-329 


orbit of, 4 
rotation of, 237 
sedimentary cover, 77-79 
size of, 336 
surface of, 211, 283-297 
temperature, 90, 264-274 
thermostat of, 240-242 
tides on, 316-318 
Venus and, 349 
“Earth clock,” 177, 181-183 
earthquakes, 114-122: 
causes, 116 
deep-sea trenches and, 223 
detection of, 117-120 
“Good Friday” earthquake, 114, 115 
locations and zones of, 114, 115 
prediction of, 120-122 
rift valleys and, 221-222 
seismograph measures, 118-119 
in Yellowstone Park, 294-295 
Kaster Island, 221 
echo sounder, 215-216 
echo measurement, 356-357 
eclipse: 
of the Moon, 314 
solar, 363 
eclogite, 143-144 
ecology (see environment) 
Eddington, Sir Arthur, 391 
Einstein, Albert, 373 
electricity, 181, 259, 304, 344 
electromagnetic waves, 264, 367 
electron, 22, 259, 401 
elements, 21, 26, 333 
ellipse, 311, 350 
emission spectra, 370 
energy: 
and celestial bodies, 418-419 
of earthquakes and volcanoes, 101, 114, 
131 
Earth’s atmosphere and, 255 
Earth’s temperature and, 240 
Einstein’s equation, 373 
fossil fuels and, 302-303 
heat, 304 
mountain building and, 131 
as natural resource, 300 
nuclear, 304-305 
ocean currents and, 237 
in respiration, 246-247 
rivers and, 293 
solar, 303-304, 355-356, 365, 373 
stars and, 403 
in thermosphere, 257 
water power, 304 
environment, 299-305: 
air pollution, 252-254 
Earth’s early atmosphere, 248-249 
effect of dams on, 77-78, 157 
fertilizer’s effect on, 64, 248 
mining’s effect on, 81, 301 
ocean’s effect on, 240-242 
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overgrazing’s effect on, 63 
phytoplankton and, 233-234 
population and, 300 
soil conservation, 62 
water pollution, 234 
Epsilon Auriga, 380 
equatorial areas, 266, 272, 274 
equatorial low, 271, 273 
equinoxes: see appendix 11 
Erebus, 213 
erg, 373 
Eros, 357 
erosion, 90, 105, 106, 140, 148: 
buried surfaces of, 138-139 
Colorado River, 292-293 
cycle of, 155-156 
by glaciers, 161, 163 
by ground water, 159-160 
man-made, 167-168 
on the Moon, 324-325 
of ocean floor, 158, 220 
by stream, 156-157 
by wind, 167, 294 
evaporation, 241-242 
expansion of universe, 421-422 
exponent of number: see appendix 1 
extension, 132, 135 
extinct: 
animals, 202 
plants, 202 
volcanoes, 109 
extraterrestrial objects, 351-352 
extrusive rocks, 43 
fathom, 213 
Fahrenheit temperature scale: see 


appendix 4 
fault, 116, 122, 135-138, 140: 
Hebgen, 295 
horizontal movement, 137 
normal, 136 


ocean floor and, 218, 227 
reverse, 136 
San Andreas, 120, 121 
fault-block mountain, 140 
feldspar, 28, 73, 74, 82 
fern, 193 
fertilizers, 64, 248, 324 
fins, 194 
fire, 21, 104, 114, 253 
“fiery cloud,” 103, 104, 106 
fish, 191, 192, 194-195 
flares, solar, 365 
flowering plants, 199-200 
folded mountain ranges, 141, 145, 149, 
291 
folds, 132-135, 140, 218 
food, 200 
footwall, 136 
foraminifera, 180 
fossil fuels, 57, 250, 302-303 
fossil identification: see appendix 8 
fossils, 71, 175-177: 


of fish, 191 
geological history and, 171, 173, 
175-177, 177 
in ocean sediment, 229 
in sea beds, 65 
shells and, 75, 131 
vertebrates and invertebrates, 191 
fracture zones, 149, 222, 227 
Franklin, Benjamin, 234 
friction: 
earthquakes and, 122 
faults and, 137 
glaciers and, 162 
frog, 195 
frontal surface, 275, 279 
fuel, 51, 83-85, 250, 299, 302-303 
full moon, 314 
gabbro, 47, 61, 95 
galactic center, 410 
galactic plane, 408, 409 
galaxies, 323, 334, 397, 407-421: 
clusters, 414, 416-418 
Local Group, 415 
Milky Way, 407-409 
motion of, 419-420, 421 
quasars, 419 
rotation of, 410 
spectra of, 421 
speed of recession, 421-422 
types of, 413-414 
galena, 52, 81, 82 
Galileo, 309, 349, 411 
gamma rays, 259 
garnets, 91, 92, 97, 143 
gas, 83-85: 
in atmosphere, 246, 256-260 
comets and, 350 
fossil fuel, 302-303 
lava and, 128 
light and, 367-372 
in ore processing, 302 
nebulas and, 403 
stars and, 378 
the Sun and, 362-363, 365 
in history of universe, 423 
Gemini the Twins, 384 
geologic time scale, 183-186, 184 
geologist, 37, 39, 79, 85, 92, 102, 
224-225 
geology, 79, 84, 171-207 
geophysicists, 85, 218 
geosynclines, 141-143, 196, 200 
geyser, Old Faithful, 112 
glaciers, 161-165, 175, 231, 242, 294 
glaciation, 164-165 
glass, 45, 325 
glucose, 246-247, 249 
gneiss, 88 
Gobi Desert, 278 
gold, 81-82 
“Gondwana,” 230 
Goodricke, John, 396 
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graded beds, 68-69 
Grand Canyon, 77-78, 132, 148, 153, 
Pe( Her), AY) 
Grand Tetons, 141 
granitic rock: 
arkose and, 74 
composition of, 47 
continental crust and, 123, 127 
in earth, 48 
magmas, 46, 48-49 
metamorphism and, 94 
minerals in, 30 
weathering and, 56 
granitization, 94-96 
granules, 363-364 
graphite, 52, 54, 98 
“gravitational demixing,” 258 
gravitational force: 
comets and, 350 
deep-sea trenches and, 224 
affects erosion, 293 
affects leveling, 147 
of the Moon and Farth, 311-312, 325 
in the Moon’s atmosphere, 322-323 
neutron stars and, 401 
quasars and, 419 
the Sun’s weight and, 361 
affects tides, 316 
graywacke, 73-74 
grazing, 63 
Great Lakes, 164 
Great Plains, 286 
Greece, 114 
greenhouse effect, 264-265 
Greenland, 161, 251 
greenstone, 95 
ground water, 158-161: 
erosion and, 159-160 
deposition and, 159-160 
water table, 158 
Gulf of Mexico, 143, 152 
Gulf Stream, 234 
gypsum, 75, 85 
gyres, 235, 236 
halite, 25 
Hall, James, 142 
hanging wall, 136 
half-life, 181-183, 182 
Halley’s comet, 350 
hardness of minerals: see appendix 6 
Hawaii, 106-107, 128 
Hawthorne, Nathaniel, 147 
heat (see temperature) 
Hebgen fault, 295 
helium: 
atoms and, 22, 246, 248, 258 
stars and, 393, 403 
on the Sun, 372 
hematite, 59, 60, 80 
Hercules, 385 
Hercules supercluster, 417 
Herschel, Sir William, 384-385, 390, 


407, 411 

Hertzsprung, Ejnar, 393 
Hertzsprung-Russell diagram, 395 
high latitude areas, 266 
high pressure area, 270, 274-275 
high tide, 316 
Himalaya Mountains, 142, 184 
Hipparchus, 399 
history of geology, 171-207 
“Honest Miner’s Song,” 80-81 
horsetail plant, 174 
hot springs, 112, 304 
Hubble, Edwin, 412-413 
humus, 62 
Hutton, James, 38-39, 138-139, 138 
hydra, 421 
hydrocarbons, 252 
hydrogen: 

air pollutants and, 252 

atom of, 22 

in atmosphere, 248 

bomb, 22 

chemical weathering and, 60 

as element, 26 

isotopes and power, 305 

life and, 332 

oxygen and, 26 

stars and, 393, 403 

on the Sun, 372 

in thermosphere, 258 

universe and, 423 
hydrothermal: 

ore minerals, 54-55 

solutions, 54 
Ice Age, 231, 242 
ice, 147, 148, 149, 161-165 
Iceland, 110, 111, 221 
igneous rock, 34-35, 43-55: 

basalt flows of, 113 

basaltic rock, 47 

composition of, 46 

cooling rates, 48 

in Grand Canyon, 77 

granitic rocks, 47, 94 

metals and, 301 

shields and, 186 

surfaces of erosion, 139 

texture of, 45 
Ikaya-Seki comet, 350-351 
Indian Ocean, 211 
infiltration, 150 
infrared astronomy, 409-410 
infrared waves, 367, 418 
insects, 192 
intertropical convergence zone (ITC) 

PH (le, Palle} 

intrusive rocks, 44, 90, 99, 113 
invertebrates, 184, 191 
ions, 24-25: 

crystal structure and, 31 

solid rocks and, 92 

tetrahedrons and, 31 


weathering and, 59, 75 
ionic bond, 26 
ionic charge, 40 
ionic radius, 40 
ionosphere, 258-260, 258 
Iowa, 290, 291, 292 
iron: 
asbestos and, 97 
in Earth’s core, 127 
in Earth’s crust, 27 
emission lines, 372 
igneous rock and, 48-49 
on the Moon, 327 
as natural resource, 80, 301 
ore, 80 
oxides, 80 
from Precambrian Era, 187 
on sea floor, 230 
on the Sun, 372 
weathering and, 59 
irregular galaxies, 413 
Isaiah, 147 
isobars, 270 
isohyet, 276 
isostasy, 124, 125-126 
isotherms, 266, 268 
isotope, 181, 182, 183, 304 
ITC, 271, 273 
Japan, 114, 138 
jaw bones, 205 
jawless fish, 192 
jet stream, 280 
Jupiter, 336, 337, 343-344, 345, 418 
Jurassic Period, 184 
Kalahari Desert, 278 
kaolinite, 29 
Kepler, Johannes, 357 
Kilauea Volcano, 1/00 
Krakatoa Island, 101, 128 


- kyanite, 92 


La Brea tar pits, 175 
lakes, glacial, 164-165 
land animals, 192-193, 195 
land plants, 192 
landscape: 
American, 284-287 
climate and, 288-291 
Earth’s movement and, 294-295 
erosion cycle and, 155-156 
rock structure, 291-292 
time and, 292-293 
volcanism and, 294-295 
landslides, 114, 149 
Large Magellanic cloud, 410 
laser beam, 356-357 
latitude: see appendix 10 
lava, 35, 50, 107, 108, 109, 110, 294, 
295, 320 
lava flow, 111, 113, 128 
layers, layering, 66, 79, 93, 123, 130, 
132, 135 
lead, 52, 97, 181, 302 


Leonardo da Vinci, 39 
Leo the Lion, 384 
leveling, 147-169: 
by glaciers, 161-165 
gravity and, 148-149 
by ground water, 158-161 
by running water, 150-158 
life on Earth, 76, 186, 276, 332 
life on Mars, 343 
life on the Moon, 324 
Life on the Mississippi, 153-154 
light, 367-372: 
Einstein’s equation and, 373 
luminosity, 391-392 
speed of, 373, 378 
stars and, 377-378 
the Sun’s energy and, 255 
limestones, 75-76, 149: 
in cement, 86 
fossil shells and, 75, 249 
landscape and, 289, 291-292 
metamorphism and, 95, 98 
microscopic view, 75 
petroleum and, 83 
in sea floor, 78, 160 
seamounts and, 221 
limonite, 60 
lithium, 23 
lobe fins, 194 
Local Group, 415 
longitude: see appendix 10 
Lowell, Percival, 338 
low latitude area, 266 
low pressure area, 270-271, 273, 
275-276 
low tide, 316 
luminosity, 391, 392, 395, 397 
lunar eclipse, 314, 315 
lunar soil, 324 
lung, 194, 195 
Luxton, William J., 384 
M 33, 406 
Madison River, 295 
Magellanic Clouds, 413, 414 
magma, 34-35, 45-46, 48-49: 
composition of, 48-49 
Crater Lake and, 105 
in Earth’s crust, 124 
earthquakes and, 116 
in extrusive rocks, 43 
geosynclines and, 142 
granitization and, 96 
hydrothermal solutions and, 54 
in intrusive rock, 44 
metamorphism and, 91, 94 
Plutonic rock bodies, 113 
magmatic differentiation, 50 
magmatism, 96 
magnesium, 27, 48, 49, 61, 75 
magnetic field, 4, 5, 80, 225-228 
magnetic poles, 225, 226, 260, 328 
magnetite, 80, 225 
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main sequence, 394, 395, 396, 400, 403 
mammals, 197, 198-199, 203-204 
Mammoth Cave, Kentucky, 159 
man, 203, 204-206 
manganese, 230 
mantle, 123, 124-125, 128, 144 
map projections: see appendix 12 
marble, 95, 98 
Marcus Aurelius Antoninus, 296 
Mariner space probes, 338, 340 
Mars, 331, 338-340: 
constellations and, 404 
Earth and, 348 
exploration of, 345 
map, 34] 
mountains on, 34] 
path of, 346-347, 348 
Phobos, 342 
solar system and, 336, 337 
surface of, 346 
Martinique, 103-104 
mass, 373, 374, 381-382, 392, 403 
mass and weight: see appendix 3 
mass-luminosity relationship, 392-393, 
395, 396 
massive bed, 71-72, 94 
matter, 21, 373, 402-403, 422 
Mauna Loa, 107, 216 
“Maurasia,” 230 
Maury, Matthew, 235 
mechanical weathering, 58, 73 
324-325 
Mediterranean Sea, 211, 238-239 
meltwater deposits, 164 
mercury, 128 
Mercury, 336, 337, 345, 369 
mesosphere, 256, 257 
Mesozoic Era, 184, 197-202 
metals, 252, 300-302 
metamorphic rocks, 35, 77, 89-97, 
97-98, 186 
metamorphic minerals, 92, 97-98 
metamorphic history, 92-93 
metamorphism, 89-94, 90 
meteorite, 351, 352 
meteor showers, 351 
meteroids, 325 
methane, 246, 248, 324 
metric units: see appendixes 2, 3 
mica: 
biotite color and composition, 28 
in graywacke, 74 
metamorphism and, 92, 94 
muscovite color and composition, 28 
rubidium and, 182 
tetrahedrons and, 32 
micrometeoroids, 325 
microorganisms, 343 
middle-latitude cyclone, 278-279, 280 
Mid-Atlantic Ridge, 70, 109-110, 217, 
222, 226, 229 
mid-ocean ridge, 217, 221-222, 227 


Milky Way system, 383, 399, 400, 408, 
412-413, 419 
millibar, 254 
mineral identification: see appendix 6 
mineral resources, 50-55, 80-86, 97-98, 
299 
minerals, 26-28: 
air pollution and, 252 
atmosphere affects, 36 
color and composition of, 28 
in Earth’s crust, 27 
galena, 52 
metamorphism and, 92 
in sedimentary rocks, 72-73 
mines, 52, 302 
Mississippi delta, 753 
Mississippi River, 151, 152, 153, 168 
Mississippian Period, 184 
Mizar, 390 
Mohole Project, 124, 125, 144 
Mohorovicic boundary or 
discontinuity (Moho), 123 
Mohs scale: see appendix 6 
Mojave Desert, 278 
monkeys, 205 
Moon, 309-329 
age of rocks on the, 327 
astronomy and the, 322-323 
basaltic rocks on the, 48 
Earth’s tides and the, 316-318 
eclipses, 314, 315 
environment of the, 320-322 
erosion on the, 324, 325 
full, 314 
gravitation, 311-312 
interior of the, 327-328 
life on the, 324 
measuring distance, 356 
microscopic glass beads on the, 323 
movement of the, 310-311, 419 
new, 314 
orbit of, 312, 315, 316 
origin of the, 328 
phases of the, 312, 313, 314, 315, 316, 
349 
rocks on the, 326 
surface of the, 319-320, 320 
tides on the, 318 
weight and the, 322 
moraines, 164 
Mount Baker, 105 
Mount Everest, 107, 131, 216-217 
Mount Fuji, 108 
Mount Lassen, 105 
Mount Mazama, 105-106, 108 
Mount Pelée, 103-104 
Mount Rainier, 105 
Mount St. Helens, 105 
Mount Shasta, 105 
Mount Vesuvius, 104 
mountains, 101-106, 131-132, 133, 
140-145, 147: 
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building of, 143-145, 196 
major ranges, map, 142, 282, 288 
in ocean, 216-217 
of the U.S., 285, 286, 288 
types of, 140-141 
mud cracks, 72 
mudstone, 65, 71, 76, 83, 94, 98 
multiple stars, 390-391 
Munk, Walter, 235 
muscovite mica, 28 
Nansen, Fridtjof, 237 
natural resources, 299-305 
nautilus, 180 
nebula, 399-400, 401, 402-403, 411-412, 
418 
neon, 372 
Neptune, 336, 337, 344-345 
neutron star, 401, 402 
neutrons, 22, 401 
new moon, 314 
newton: see appendix 3 
New York City, 250 
NGC 4565, 409 
nickel, 51, 127 
nitrogen: 
in atmosphere, 246 
life on Earth and, 332 
molecular, 258 
plants and animals and, 247 
radioactive isotopes and, 181 
on the Sun, 372 
nitrogen oxides, 252 
normal fault, 136 
normal spiral galaxy, 413 
novas, 399 
nuclear fission, 304 
nuclear fusion, 305 
nuclear power, 304 
nuclear reaction and stars, 403 
nucleus, 22, 304, 401 
nutrients, 62-63, 64 
obsidian, 45, 47 
ocean (see also sea): 
atmosphere and, 234-239 
Earth’s crust and, 123 
as Earth’s thermostat, 240 
salt in, 243 
trench, 218, 219 
volcanoes and, 109 
winds and, 236 
ocean basins, 189, 211-231 
ocean currents (see currents) 
oceanic crust, 123, 158, 169 
oceanic plates, 144 
oceanographers, 210, 211, 228 
oil, 85, 143, 252 (see also petroleum) 
Old Faithful geyser, 112 
olivines, 31, 47, 48, 49, 59, 74, 124 
orbit, (see also rotation): 
of comets, 350 
of Earth, 4, 347 
of Mars, 348-349 


of the Moon, 311-312, 315 

of Venus, 349 
Ordovician Period, 184, 191 
ore deposits, 97-98, 300-302 
organic materials, 83 
Orion Nebula, 376 
orthoclase, 47, 60 
oxidation, 59 
oxides, 34, 59 
oxygen: 

atomic numbers and, 23 

Earth’s crust and, 27 

hydrogen and, 26 

ions of, 31 

life and, 194, 332 

Mars and, 343 

photosynthesis and, 65, 233 

on the Sun, 372 
ozone, 243, 256-257 
P wave, 117, 126 
Pacific Ocean, 109, 114, 138, 211, 219, 

220, 228 

Palezoic invertebrates, 191 
Palezoic Period, 184, 188-196 
“Pangaea,” 230 
parallax, 379, 380 
Paricutin, 102-103 
particulates, 252 
peat, 83 
Pensylvanian Period, 184, 196 
peridotite, 124 
Permian Period, 184 
petroleum, 83-85, 250, 302-303 
phases of the Moon, 312-314 
Phobos, 342, 343 
photosynthesis, 64, 233, 249 
phytoplankton, 233, 234, 238 
“pillows,” 134, 145 
pitch, 388-389 
placer deposits, 81, 83 
plagioclases, 31, 46, 47, 49, 74 
plains, 285, 286, 288 
plateaus, 285, 287, 288, 289-294 
“planetary grand tour,” 345 
planets, 333-345: 

distance from the Sun, 357-358 

in solar system, 336 

Jupiter, 343-344 

life on, 334 

Mars, 338-343 

Mercury, 337 

Neptune, 344-345 

period of, 357-358 

phases of, 349 

Pluto, 344-345 

relation to stars, 335 

Saturn, 344-345 

Uranus, 344-345 
plants, 193, 199-200 
plates, crustal, 144, 227 
Pluto, 336, 337, 344-345 
plutonic rocks, 44, 113 


polar easterlies, 275 
polar zones, 269 
poles, 225, 260 
pollution, 245, 248, 251-254, 304-305 
(see also environment) 
Ponnamperuma, Dr. Cyril, 345 
population growth, 300 
porosity, 160-161 
potassium, 27, 61, 75, 85, 181 
powers of ten: see appendix 1 
Precambrian Period, 184, 186-188 
precipitation, 276-277: 
annual, 277 
climate and, 264 
continents and, 276-277 
cyclones and, 279-280 
drylands and, 278-279 
in equatorial region, 274 
sedimentary rocks and, 66 
pressure: 
air pressure, 90 
altitude and, 255 
atmospheric, 254, 255 
faults and, 137 
folds and, 132 
highs, 270, 274-275 
lows, 270-271, 273, 275-276 
metamorphic processes and, 90-92, 97 
patterns of, 270, 271, 272-276 
temperature and winds and, 270 
water and, 58 
primates, 204-206 
principle of superposition, 172 
prism, 367, 368 
prominences, 365 
proteins, 247 
protons, 22 
Proxima Centauri, 334-335 
pulsars, 401, 402 


- pyrite, 81, 83 


pyroclastic particles, 108 
pyroxenes, 31, 32, 47, 48, 49, 74, 124, 
143 
quarter moon, 314 
quartz: 
arkose and, 74 
cleavage and, 32 
composition and color, 28 
in gold panning, 81 
hydrothermal veins, 54 
igneous rock, 47 
Precambrian rock, 187 
as “rock former,” 30 
sedimentary rock, 65, 73 
vein of, 54 
weathering and, 61, 62 
quartzite, 95 
quartz sandstone, 74, 95 
quasars, 418-419 
Quaternary Period, /84 
radial motion, 388 
radiation, 241, 264-265, 275, 361 


radioactive: 
isotopes, 181-183 
pollutants, 254 
radio astronomy, 401 
radio telescopes, 367 
radio waves, 259, 367, 418-419 
rain (see also precipitation): 
annual, 277 
evaporation of, 242 
running water and, 150-151 
water cycle, 150 
ray fin, 194 
recycling, 302 
Red Sea, 229-230 
red shift, 389, 390, 420 
reptiles, 184, 196, 197-198, 201 
respiration, 246-247 
reverse fault, 136, 137 
rhinoceros, hornless, 204 
rhyolite, 47, 48, 111 
Riccioli, 390 
Richter Scale, 120, 122 
ridge (see mid-ocean ridge, 
Mid-Atlantic Ridge) 
rift valley, 221-222 
right ascension: see appendix 13 
“Ring of Fire,” 109 
ripple marks, 72 
river valleys, 153, 155 
rivers, 151-152 
rock cycle, 36-37, 89, 324 
rock identification: see appendix 7 
rocks: 
age of, 181-183 
classes of, 34-36 
composition and texture, 37 
foliated, 93 
geological history of, 171-177 
geological time scale, 183-186, 184 
igneous, 43-55 
leveling and, 148-149 
mineral “rock formers,” 30 
plutonic, 44 
sedimentary, 57-86 
“sequence of,” 71 
solid, 92 
structure, 291-292, 327 
Rocky Mountains, 133, 184, 200, 217, 
286, 296 
roots of mountains, 124 
rotation: 
Coriolis effect on, 237, 273 
of our galaxy, 410 
the Moon’s motions and, 310-311 
of stars, 411 
of the Sun, 410 
wind and, 273 
RR Lyrae variables, 397-398 
rubidium, 182 
Russell, H. N., 393 
rust, 59, 60 
S wave, 117, 123, 126 
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Sacramento Valley, 71 
Sahara Desert, 278 
St. Peter sandstone, 78 
salinity, 238, 239 
salt (halite), 25: 
compound, sodium chloride, 26 
crystal structure, 25 
in ocean, 87, 243 
sedimentary resource, 85 
San Andreas fault, 120, 121, 122, 137, 
138 
sand, 65, 81, 86, 151, 164, 294 
sand dunes, 166 
sandstone, 38, 66, 71, 76, 172-173, 183: 
arkose, 74 
beds of, 65, 72 
cross-beds, 68 
graywacke, 73-74 
landscape and, 289, 291-292 
petroleum and, 83 
quartz sandstone, 74 
St. Peter sandstone, 78 
San Francisco earthquake, 114 
San Juan, Mexico, 102, 103 
satellites, 213, 310, 342-343 
Saturn, 336, 337, 344-345 
Schiaparelli, Giovanni, 338 
schist, 91, 94 
sea, 75 (see also deep-sea, ocean): 
Caribbean, 211 
fossils in beds, 65 
Mediterranean, 211 
oil fields in, 85 
salts in, 87 
sandstone beds, 78 
sea level, 251 
sedimentary facies and, 78 
serpents, 197 
sea-floor spreading, 224-230 
seamounts, 221 
seasons: see appendix 11 
seas over North America, 190 
sediment, 64-65: 
deposit of, 65, 70-71, 151, 164 
fossils in, 175-177 
geosynclines and, 141-143 
leveling and, 148-152 
movement of, 65, 70, 151, 164 
on ocean floor, 79, 216, 220, 231 
settling of, 69 
surfaces of erosion and, 140, 156-157, 
293 
weathering and, 64, 148 
sedimentary rocks, 34, 35-36, 57-86: 
coal as, 83 
definition, 65 
lateral changes in, 78-79 
layers of, 132, 133 
limestones, 75-76 
minerals in, 72-73, 80-86 
on ocean floor, 218 
principle of superposition, 172 


sandstones, 73-75 
weathering of, 57-61 
seismogram, 118, 327, 328 
seismologist, 119 
seismograph, 117-120, 118-119 
Severinus, Petrus, 39 
shale, 65, 76, 83, 86, 92, 98, 149, 289, 
291-292 
Shapley, Harlow, 398 
sharks, 203 
sheetwash, 151 
shells, 22, 23, 175, 249 
shelters, 262 
Shepherd, Francis, 210 
shields, 186, 187 
shield volcanoes, 108, 109 
Ship Rock, 106 
Sierra Nevadas, 140, 141, 286, 287, 295, 
silicates, 31 
silicon, 27, 31, 80 
sillimanite, 92 
sills, 113 
siltstone, 65, 151 
Silurian Period, 184, 192 
silver, 97 
Sirius, 385, 395, 403 
61 Cygni, 379, 380, 383 
skeletons, 15, 192, 195, 199, 205 
skull, 205 
sky, 346 
slate, 94, 98 
smoke, 252, 253 
snow, 150, 162 
snails, 176, 180 
sodium: 
atomic numbers and, 23 
chloride and ionic bond, 26, 75 
crystal structure and, 25 
in Earth’s crust, 27 
electrons and, 24 
gas and light, 369 
in sea water, 75 
weathering and, 61 
soil, 61-64, 167-168, 291-292 
solar (see also Sun): 
atmosphere, 363-364, 370-372 
eclipse, 315, 364, 365, 372 
energy, 264, 267, 303-304 
luminosity, 392 
mass, 392 
particles, 260 
radiation, 265 
reflector, 298 
spectrum, 371, 372 
wind, 324 
solar system: 
distances, 336-337, 358 
planets in, 333-345 
sound, 388 
soundings, 213-215, 231 
sound waves, 388-389 
space, 24, 345, 402 
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specific gravities of minerals, 82 
specific heat, 268 
spectra, 367-372: 

absorption, 369, 370, 371 

bright line spectra, 369, 370 

continuous spectrum, 368 

dark-line spectra, 369, 370, 371 

emission spectra, 369, 370 

of galaxies, 421 

quasars and, 418 

stars and, 389-390, 393-394 
spectroscope, 367-369, 370, 390 
spectroscopy, 367 
spectrum: see spectra 
spelunker, 168 
spiral galaxies, 400, 409, 410, 412-413 
spodumene crystals, 26 
star charts: see appendix 14 
stars, 377-405: 

binaries, 390-391 

birth of, 402-403 

black holes, 402 

core of, 403 

death of, 403-404 

density of, 381-382 

distance measurement, 334-335, 

378-379, 397-398 

light and, 378 

main sequence, 394 

mass, 391-393 

Milky Way, 407-408 

motion of, 388-389 

names of, 383 

neutron stars, 401 

number of, 382, 383 

planets and, 334, 335 

pulsars, 401 

quasars, 418-419 

rotation of, 411 

shooting, 351 

spectrum and, 389-390, 393-394 

speed of, 386-387 

the Sun and, 311, 356 

temperature and color, 393-394 
star clusters, 411-412 
star islands, 408, 409, 411-414 
staurolite, 92 
Steady-State theory, 422 
steam, 304 
Steno, Nicholas, 132 
stock, 113 
Straits of Gibraltar, 238-239 
strata, 35 
stratosphere, 255, 256-257 
stream erosion, 156-157 
stream transportation, 152 
stream velocity, 155 
strip mining, 301 
strontium, 182-183 
submarine valleys, 218-220 
subpolar low, 275 


subsurface water masses, 238-239 
subtropical high, 274-275, 278 
sulfates, 34 
sulfur oxides, 252 
sulfides, 34, 52 
Sun, 355-375 (see also solar): 
atmosphere and the, 255, 365-366 
chromosphere, 366 
corona, 357, 366 
distance to the, 356-358, 358-359 
Earth and the, 312-314 
elements on the, 372 
energy and the, 240-241 
in our galaxy, 410 
granules, 363 
gravitational force and the, 363 
heat source, 240-241, 264, 266-267 
interior temperature of the, 362-363 
luminosity, 392, 395, 403 
Moon and the, 312-314 
motion of the, 311, 384-385 
ozone layer of Earth, 256 
photosynthesis, 247 
prominences, 354, 365, 366 
radiation, 265 
radio waves and the, 418 
reflector, 298 
size of the, 336, 359-361 
spectroscopy and the, 370-372 
speed through space, 410 
spectrum, 371 
stars and planets and the, 333-335 
surface of the, 362, 363-364 
tides and the, 317-318 
weight of the, 361 
sunspots, 364, 365 
superclusters of galaxies, 416-418 
supergiant star, 380, 395, 400, 403 
supernova, 399-400, 401, 403, 418 
superposition, principle of, 172 
surfaces of erosion, 138-140 
surface wave, 117 
Surtsey Island, 110, 128 
Surtur, 110 
Susquehanna River, 293 
syncline, 135, 291 
Taconic Mountains, 184 
taconite, 80 
talc, 92, 97 
Taurus the Bull, 400-401 
teeth, 192, 199, 205 
telescopes, 323, 332 
temperate zone, 269 
temperature: 
climate and, 264 
affects colors, 362 
Earth’s: 
atmosphere of, 251, 255, 256, 257 
heat source, 264 
history of, 178 
internal, 17 


patterns of, 266, 267, 268, 269 
radioactive isotopes and, 181 
folds and, 132 
metamorphic processes and, 90, 97 
of the Moon, 320-321, 327-328 
polar zones, 269, 275 
of the Sun, 355, 361-363 
stars and, 393-394, 403 
temperate zones, 269 
thermal zones, 269-271 
tropical zone, 269, 271 
wind and, 238, 273-274 
world distribution of, 266 
temperature scales: see appendix 4 
Tertiary Period, 184 
tetrahedron, 31, 32, 32-33, 60 
Thales, 21 
Thar Desert, 278 
thermal zones, 269 
thermosphere, 256, 257-258 
thermostat, Earth’s, 240-242, 268 
tides, 312, 316, 317, 318 
time tape, 185-186 
tin, 83, 301, 302 
titanium, 27, 327 
topography, 284, 287 
topsoil, 63 
trade winds, 271, 278 
transpiration, 150 
transportation, 305 
trenches, deep-sea, 218, 219, 222-224 
Triassic Period, 184 
trilobites, 188, 789, 191 
tropical zone, 262, 269, 280 
tropic of Capricorn: see appendix 11 
tropic of Cancer: see appendix 11 
troposphere, 255, 256, 271 
tungsten, 301, 302 
turbidity current, 68, 220, 231 
Turkestan Desert, 278 
turtle fossil, 170 
Twain, Mark, “Life on the 
Mississippi,” 153 
Tyrannosaurus (dinosaur), 198 
ultraviolet rays, 243, 256-257, 367, 418 
uniformitarianism, principle of, 37, 
173, 333 
units of measurement: see appendix 3 
universe: 
expansion of, 421-422 
formation of, 422-424 
future of, 424 
galaxies and, 416 
stars and planets in, 334 
structure of, 333, 398 
upfold (anticline), 83, 134, 135 
uplifts, 140 
upwelling, 238 
uranium, 23, 26, 86, 181, 304 
Uranus, 336-337, 344-345, 384 
Ursa Major, 384 


U-shaped valley, 163 
V-shaped valley, 147 
valley: 

landscape and, 292-293 

rift, 221 

river, 153-154 

submarine, 218-220 
valley glaciers, 162, 163, 164 
Vega, 385 
vein, 54 
velocity of streams, 155 
Venus, 337-338: 

granitic rocks on, 48 

light and, 338 

the Moon and, 321-322 

size of, 336 

spacecraft and, 345 

the Sun and, 357, 358-359 
vertebrates, 191 
vibrations, 120: 

earthquakes and, 101, 116, 122 

sound and, 388-389 
Virgo cluster, 417, 421 
volcanic rocks: 

extrusive rocks and, 43 

around granites, 94 

in graywacke, 74 

location of, 110-112 

magnetic fields and, 226 

metamorphism and, 97 
volcanoes, 101-113: 

air pollutants, 253 

ash of, 103 

belts of, 109 

deep-sea trenches and, 223 


earthquakes and, 116 
landscape and, 294-295 
location of, 109-112 
as mountain type, 140 
seamounts and, 221 
Ship Rock, 106 
types of, 108 
Vulcan, 102 
War of the Worlds, 332 
warm blooded animals, 198, 199 
warm front, 280 
Wasatch Mountains, 141 
water: 
acidic, 159 
aluminum and, 80 
in atmosphere, 250 
deep-water exploration, 125 
earthquakes and, 122 
ions and rock, 92, 159 
geysers and hot springs, 112 
gold and, 81 
iron and, 80 
leveling and, 147-149, 150-151 
Moon and, 321 
pressure, 58 
reservoirs, 86 
respiration and, 247 
sediment and, 65 
temperature and, 268 
vapor, 150, 274-275 
wind and, 236, 238 
upwelling, 238 
waves, 157-158 
wells, 158-159, 169 
water currents, 67, 70, 77 
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water cycle, 150, 242 
water masses, 238-239 
water power, 304 
water table, 158 
waves, water, 157-158 
weather, 263-281 
weathering, 56, 57-61, 64, 73, 148, 150, 
324-325 
weight, 322, 361 
weight and mass: see appendix 3 
Wells, H.G., 332 
Werner, Abraham Gottlob, 38-39 
westerlies, 236, 274, 278 
whales, 203 
White Cliffs of Dover, 75, 76 
white dwarfs, 380-381, 398, 395, 403 
wind, 235-236: 
air pollution and, 253-254 
climate and, 166, 264 
Coriolis effect, 273-274 
drylands and deserts and, 278-279 
leveling and, 147, 148, 166-167 
ocean currents and, 237-238 
patterns of, 236, 270, 271, 272 
polar easterlies, 275 
pressure differences, 270 
trade winds, 271 
westerlies, 274 
Wizard Island, 105 
X rays, 259, 367 
Yellowstone National Park, 111, 
294-295 
zine, 97, 229, 230 
zirconium, 327 
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illustration sources 


Unit One (cyclonic storm system): NASA. Unit Two (Yellowstone National 
Park): R. Ojakangas. Unit Three (Ohio fields): Josef Muench. Unit Four 
(radio telescope, Arecibo, Puerto Rico): Cornell Univ. All drawings: Ed 
Lanaro, except where otherwise indicated. 

Contents Page vi: National Parks Service. page vii: Kenneth Moran, 
Univ. of Minnesota, Duluth (top), D. Darby (bottom). page viii: Lick Ob- 
servatory (top), D. Darby (middle), American Museum of Natural History 
(bottom). page ix: R. Ojakangas (top), William Garnett (bottom). page x: 
UPI (top), R. Ojakangas (middle), Kenneth Moran (bottom). page xi: 
Ojakangas (top), Ward’s Natural Science Establishment, Inc. (middle), 
Thomas Putney, Wilmington, Delaware (bottom). 


Chapter 1 2,5: NASA. 7: Ward’s Natural Science Establishment, Inc. 
8, 9: Geographical Projects (London) and Hammond, Inc. 10: Rand McNally 
and Co. 11: Thomas Putney (left), Omikron (right). 13: William Garnett. 
15, 16: D. Darby. 


Chapter 2 20: Thomas Putney. 29, 30: Dr. B. M. Shaub, Northhampton, 
Mass. 35: Dr. John S. Shelton, La Jolla, Calif. 


Chapter 3 42, 44, 48, 54: R. Ojakangas. 44 (“Peanuts”) United Feature 
Syndicate, Inc. 47: all photos by B. M. Shaub except: American Museum of 
Natural History (bottom). 52: Kenneth Moran. 53: Kennecott Copper Corp. 


Chapter 4 56, 61, 65, 71, 72 (right), 76: R. Ojakangas. 62: B. C. McLean, 
U.S. Geological Survey. 63: James K. Morgan, Omikron. 66: B. M. Shaub. 
67: Tad Nichols, Tucson, Ariz. 69: Kenneth Moran. 72 (left) D. Darby. 75: 
E. C. Hardin, U.S. Geological Survey. 81: A. H. Brooks, U.S. Geological 
Survey. 84: Drake Well Museum. 85: Standard Oil Co. 


Chapter 5 88: B. M. Shaub. 91-95: R. Ojakangas. 97: 3M Company. 


Chapter 6 100: Hawaii Volcanoes National Park (National Parks Ser- 
vice), 102: Tad Nichols. 103: American Museum of Natural History. 104: 
Dr. David A. Rahm, Western Washington State College. 106, 111: John S. 
Shelton. 108: Acme. 110: William A. Keith, Hartsdale, N.Y. 112: R. Ojakan- 
gas. 115: U.S. Army. 121 U.S. Geological Survey. 


Chapter 7 130: R. H. Chapman, U.S. Geological Survey. 133: Dr. Kurt 
Lowe, College of the City of New York. 134: Geological Survey of Canada 
(top), David Rahm (bottom). 136: Montana Dept. of Highways. 137: John 
§. Shelton. 138: from A. O. Woodford, Historical Geology, 1965, W. H. Free- 
man and Co. 139: Dr. Charles L. Matsch, Univ. of Minnesota, Duluth. 140- 
141: W. C. Mendenhall, U.S. Geological Survey. 


Chapter 8 146, 149 (right), 163, 164 (top): R. Ojakangas. 149 (left), 151: 
John 8. Shelton. 152 (“Peanuts”): United Feature Syndicate, Inc. 154, 160: 
Kenneth Moran. 156: Tad Nichols (top), A. Keith, U.S. Geological Survey 
(bottom), 159: W. T. Lee, U.S. Geological Survey. 162: U.S. Navy. 164 
(bottom): Bradford Washburn. 166: Omikron. 


Chapter 9 170, 198: Peabody Museum of Natural History, Yale Univ. 
172: D. J. Miller, U.S. Geological Survey. 174: American Museum of Nat- 
ural History except: Ward’s Natural Science Establishment, Inc. (upper 
left). 180: Dr. Don L. Eicher, Univ. of Colorado, Boulder (left), Allan W. H. 
Bé, Lamont-Doherty Geological Observatory (middle), American Museum 


of Natural History (right). 185: Kenneth Moran. 188: D. Darby. 189: Ward’s 
Natural Science Establishment, Inc. 191: Buffalo Museum of Science, N.Y. 
192, 194, 195, 204: American Museum of Natural History. 193, 197: Field 
Museum of Natural History. 200, 201: American Museum of Natural History 
except: Peabody Museum of Natural History, Yale Univ. (lower right). 
202: Sidney Harris, Great Neck, N.Y. 


Chapter 10 210: Ron Church. 212: The Granger Collection (left), Lee 
Albertson, New York City (right). 213: from Challenger office report, 
Great Britain, 1895, as reproduced in Peter K. Weyl, Oceanography, John 
Wiley & Sons, Inc., 1970. 216, 217: Teledyne Exploration Company (Marine 
Sciences Div.), Houston, Texas. 219, 230: New York Times. 222, 226-228: 
after Konrad B. Krauskopf and Arthur Beiser, Fundamentals of Physical 
Science, McGraw-Hill, Inc., 1971. 223: after Peter K. Weyl, Oceanography. 


Chapter 11 232: George Whiteley, Photo Researchers, Inc. 236: after 
Walter Munk. 239: after Peter K. Weyl, Oceanography. 


Chapter 12 244, 254: UPI. 246: Union Carbide Corp. 249: Consolidated 
Coal Co. 250: Thomas Putney. 251: National Center for Atmospheric Re- 
search 253: American Museum of Natural History. 259: NOAA. 


Chapter 13 262: from J. M. Fitch and D. P. Branch, “Primitive Architec- 
ture and Climate,” Scientific American, December 1960, W. H. Freeman 
and Co. 


Chapter 14 282, 289, 291: John S. Shelton. 285: NASA. 290: Dr. Robert 
C. Palmquist, Iowa State Univ. of Science and Technology. 295: P. C. Bate- 
man, U.S. Geological Survey. 


Chapter 15 298: French Embassy, N.Y, 301: Omikron. 302: Indiana Coal 
Producers Association. 


Chapter 16 308, 325, 326 (left): NASA. 310, 311: Mt. Wilson and Palomar 
Observatories. 319: Lick Observatory. 321: Yerkes Observatory. 323: Lee 
Albertson. 326: H. G. Wilshire and G. G. Schaber, U.S. Geological Survey 
(right). 


Chapter 17 330, 340-342, 345: NASA. 332: Lick Observatory. 335: Sid- 
ney Harris. 338: Helmut K. Wimmer, Hayden Planetarium. 339: Lowell 
Observatory. 344, 350: Mt. Wilson and Palomar Observatories. 351: Yerkes 
Observatory. 


Chapter 18 354, 357, 364, 372: Mt. Wilson and Palomar Observatories. 
363: Princeton Univ. 366: Harvard Observatory. 369: Bausch & Lomb, Inc. 
371: Sacramento Peak Observatory. 373: The Granger Collection. 


Chapter 19 376: Lick Observatory. 378: American Museum of Natural 
History. 386: Yerkes Observatory. 390, 397, 400: Mt. Wilson and Palomar 
Observatories. 


Chapter 20 406: Lick Observatory. 408, 409, 412, 413, 416, 417, 420: 
Mt. Wilson and Palomar Observatories. 


Appendixes 9, 10, 11, 12: drawings from G. T. Trewartha, A. H. Robinson, 
and E. H. Hammond, Elements of Geography, McGraw-Hill, Inc. 1967. 
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